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1.  INTRODUCTION 


Optical  pattern  recognition  systems  have  been  proposed  for  use  in  a  wide  variety  of 
applications  -  from  systems  to  high-speed  computing  [1-3].  A  major  component  of  these  systems 
is  the  Spatial  Light  Modulator  (SLM).  An  SLM  is  a  device  that  yields  an  image  encoded  in  light 
from  either  a  light  or  electrical  signal  input.  SLMs  have  been  proposed  for  use  in  the  input  and 
filter  planes  of  coherent  optical  correlators  |4].  An  SLM  in  the  input  plane  provides  image 
conversion  from  an  incoherent  light  input  to  an  image  suitable  for  coherent  optical  pixKessing.  The 
SLM  in  the  filter  plane  acts  as  a  programmable  filter  which  can  be  dynamically  cycled  through  a 
bank  of  filters  for  object  identification. 

The  performance  limitations  of  SLMs  have  significantly  hampered  the  application  of  optical 
pattern  recognition  systems  such  as  optical  correlators  to  "real-world"  problems.  Liquid  crystal 
SLMs  have  been  constructed  since  the  early  1970s  [5].  However,  these  modulators  have  not  been 
utilized  in  "real-world"  environments  until  the  late  1980s  [6].  The  slow  response,  low  resolution, 
and  high  cost  of  spatial  light  modulators  are  currently  significant  limitations  to  "real  world" 
application  of  optical  pattern  recognition  systems  that  employ  SLM  technology.  The  current  state- 
of-the-an  SLMs  include  optically  addressed  nematic  liquid  crystal  SLMs  from  Hughes  and  GEC- 
Marconi  as  well  as  optically  addressed  ferroelectric  liquid  crystal  SLMs  from  Displaytech,  STC 
Technology,  and  the  University  of  Colorado- Boulder. 

Preliminary  experimental  research  has  shown  that  the  modulated  read  beam  from  some,  if  not 
all,  optically  addressed  spatial  light  modulators  is  not  linearly  dependent  on  the  write  light 
intensity.  This  preliminary  research  was  performed  with  a  Hughes  Liquid  Crystal  Light  Valve 
(LCLV)  and  a  University  of  Colorado-Boulder  ferroelectric  liquid  crystal  SLM  [7].  Exploration  of 
the  use  of  nonlinear  transformation  in  the  Fourier  plane  of  optical  processors  such  as  correlators 
has  recently  begun.  Computer  simulation  of  these  nonlinear  transformations  on  optical  processors 
has  been  extensively  reported  [8-lIj.  However,  the  nonlinear  response  of  optically  addressed 
SLMs  proposed  for  use  in  such  nonlinear  transformation  processes  has  not  been  characterized. 
This  characterization  as  a  function  of  write  light  intensity  will  be  presented  in  this  repon.  The 
response  will  be  determined  for  several  optically  addressed  SLMs  includii.g  Hughes  LCLV,  GEC- 
Marconi  SLM,  and  optically  addressed  ferroelectric  liquid  crystal  SLMs  from  University  of 
Colorado-Boulder.  The  response  will  be  reported  for  the  candidate  SLMs  with  respect  to 
variations  in  the  driving  waveform  frequency  and  amplitude,  incident  read  beam  intensity,  and 
spectral  variations  in  the  read  beam. 

Section  II  provides  a  background  of  the  basic  operating  principles  of  optically  addressed 
liquid  crystal  SLMs.  Section  HI  provides  a  background  of  the  state  of  performance  of  the 
candidate  SLMs.  Performance  parameters  discussed  in  this  section  include  maximum  imaging 
resolution,  visibility  or  contrast  ratio,  and  response  time.  Cost  of  these  SLMs  will  also  tie 
discussed.  Sections  IV  through  VI  outline  the  results  of  experiments  performed  to  determine  the 
nonlinear  response  of  the  modulated  read  beam  as  a  function  of  write  light  intensity  for  various 
driving  waveform  frequencies  and  amplitudes,  incident  read  beam  intensities,  and  spectral 
vanations  of  the  write  team  of  the  three  candidate  SLMs  -  Hughes  LCLV,  GEC-Marconi  SLM, 
and  optically  addressed  ferroelectric  liquid  crystal  SLMs.  Section  VII  presents  the  analysis  and 
assessment  of  similarities,  if  any,  of  this  data  with  respect  to  device  construction.  Section  VIII 
discusses  the  effects  of  these  nonlinearities  on  the  p^ormance  of  optical  pattern  recognition 
systems,  and  concludes  the  results  of  this  investigation. 
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II.  PRINCIPLES  OF  SPATIAL  UGHT  MODULATOR  (SLM)  OPERATION 

The  function  of  a  spatial  light  modulator  is  to  modulate  light  in  two  dimensions.  This  is  a 
key  to  exploiting  the  pardlel  processing  potential  of  light  -  overcoming  the  limitations  of  the  von 
Neumann  architectures  of  today's  computers.  SLMs  have  been  commercially  available  since  the 
mid  1970s;  however,  performance  improvements  and  cost  reductions  are  still  needed.  While  good 
one-dimensional  modulators  in  the  form  of  acousto-optic  devices  have  been  available  for  many 
years,  they  do  not  take  advantage  of  the  two-dimensional  nature  of  optical  wavefronts.  Two- 
dimensional  spatial  light  modulators  serve  this  function. 

For  optical  data  processing,  spatial  light  modulators  must  be  capable  of  spatially  modulating  a 
collimated  coherent  beam  of  light  in  accordance  with  the  input  data  to  be  processed.  The  SLM 
should  be  reusable  and  provide  real-time  operation  among  other  properties.  A  wide  variety  of 
potential  SLM  materials  and  devices  exist.  All  are  in  various  stages  of  development,  intended  for 
diverse  applications,  and  often  require  different  optical  configurations  for  their  implementation. 
The  technology  of  SLMs  includes  deformable  mirrors  [12],  microchannel  plates  [13],  magneto¬ 
optics  [14],  and  various  liquid  crystal  materials  [15-17].  The  technology  related  to  optically 
addressed  liquid  crystal  spatial  light  modulators  will  be  the  focus  of  this  investigation.  The  basic 
principles  of  operation  of  these  devices  will  be  discussed  in  this  section.  Specifically,  the 
operation  of  the  Hughes  Liquid  Crystal  Light  Valve  (LCLV),  the  GEC-Marconi  Research's  liquid 
crystal  SLM,  and  the  optically  addressed  ferroelectric  liquid  crystal  SLMs  will  be  discussed. 

A.  Liquid  Crystal  Light  Valve  (LCLV) 

The  basic  construction  of  Hughes  LCLV  is  shown  in  Figure  1 .  The  LCLV  has  an 
image,  usually  incoherent,  impressed  upon  the  write  side  of  the  device.  A  coherent  light  source, 
such  as  a  laser,  is  used  to  illuminate  the  incident  read  side  of  the  device.  The  light  reflected  from 
the  read  side  of  the  dielectric  mirror  represents  a  coherent  image  of  the  subject  impressed  on  the 
write  side  of  the  SLM. 

This  device  is  composed  of  a  Cadmium  Sulfide  (CdS)  photoconductive  surface 
followed  by  a  Cadmium  Telluride  (CdTe)  light  absorbing  layer  on  the  input  side,  commonly 
referred  to  as  the  write  side,  of  the  device.  A  dielectric  mirror  is  positioned  directly  against  the 
CdTe  layer.  The  nematic  liquid  crystal  layer  is  then  placed  toward  the  read  side  of  the  device 
between  two  inert  insulating  layers  of  glass.  The  above  assembly,  from  the  CdS  photoconductor 
to  the  inert  insulating  layer  on  the  read  side  of  the  device,  is  Aen  sandwiched  between  two 
transparent  electrode  surfaces  deposited  on  optically  flat  glass.  Typical  operation  of  the  LCLV 
requires  the  application  of  a  low  ac  voltage,  on  the  order  of  5-10  volts,  at  about  1-5  KHz  frequency 
across  the  electrodes.  The  combination  of  the  CdS  and  CdTe  layers  creates  a  junction  diode.  The 
dielectric  mirror  thus  serves  two  useful  purposes.  The  mirror  combined  with  the  CdTe  light 
absorbing  layer  separates  the  photoconductor  from  the  read  light,  thereby  allowing  for  the 
simultaneous  writing  and  reading  of  the  device.  Furthermore,  the  reflectivity  of  the  device  can  be 
maximized  by  coating  the  minor  for  any  portion  of  the  visible  spectrum  desired. 

The  most  fundamental  component  of  the  LCLV  is  the  liquid  crystal  layer.  The  liquid 
crystal  layer  is  approximately  two  microns  thick  and  is  operated  in  what  is  commonly  referred  to  as 
a  hybrid  field  effect  mode  [18].  The  hybrid  field  effect  mode  utilizes  conventional  twisted  nematic 
electro-optic  effect  in  the  off-state  (i.e.,  when  no  voltage  is  applied)  and  optical  birefringence  effect 
for  the  on-state  of  the  liquid  crystd.  The  implementation  of  the  hybrid  field  effect  mode  requires 
the  construction  of  the  liquid  crystal  layer  such  that  the  liquid  crystal  molecules  are  preferentially 
aligned  with  the  electrode  surfaces.  The  preferentially  twisted  alignment  is  obtained  by  orienting 
the  electrode  surfaces  so  the  direction  of  liquid  crystal  alignment  on  the  two  surfaces  is  at  some 
angle,  45  degrees  for  Hughes  L(XV,  with  respect  to  each  other.  The  twisted  alignment  causes  the 
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ELECTRODES 


Figure  1.  Schematic  of  Hughes  LCLV 

polarization  of  the  incident  light  to  rotate  by  an  angle  equivalent  to  the  twist  angle.  An  analyzer  is 
then  used  in  the  reflected  re^  beam  of  the  device  to  provide  an  amplitude-  or  phase-modulated 
image  of  (he  incident  write  image.  The  Hughes  LCLV  ideally  behaves  as  a  V2  retarder  of  the 

incident  read  beam  polarization  for  bright  write  light  illuminations.  Therefore,  the  light  incident  on 
the  dielectric  mirror,  after  a  single  pass  through  the  liquid  crystal  layer,  is  retarded  bv  Ai4  with 
respect  to  the  incident  linearly  polarized  light  on  the  read  surface.  This  V4  retaidanon  results  in  the 
read  beam  being  circularly  polarized  at  the  dielectric  mirror/liquid  crystal  interface. 

The  interaction  of  the  photoconductor  and  liquid  crystal  can  best  be  understood  by 
consideration  of  the  simple  equivalent  circuit  shown  in  Figure  2.  The  CdS  photoconductor,  CdTe 
light  blocking  layer,  and  twisted  nematic  liquid  crystal  are  in  series  between  the  rvo  electrode 
surfaces.  The  impedance  of  the  CdTe  and  liquid  crystal  layers,  represented  as  the  Rk-Cjc  circuit  in 
Figure  2,  is  effectively  constant  at  a  particular  driving  frequency.  A  change  in  the  impedance  of  the 
photoconductor,  represented  as  the  parallel  Ry-Cj  circuit  in  Figure  2,  due  to  changes  in  incident 
write  light  irradiation,  changes  the  voltage  split  between  the  CdS  phctoconductor  and  the 
CdTe/liquid  crystal  combination.  The  ac  voltage  across  the  two  electrode  surfaces  is  held  constant, 
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so  the  change  in  impedance  of  the  CdS  is  reflected  in  a  change  of  voltage  across  the  liquid  crystal. 
The  change  in  voltage  across  the  liquid  crystal  results  in  a  reorientation  of  the  molecules  as 
discussed  below.  Cm  in  Figure  2  represents  the  dielectric  mirror. 

The  operation  of  the  LCLV  can  be  understood  if  a  crossed  polarizer/analyzer  pair  is 
placed  between  the  LCLV  and  the  source  of  the  read  light  such  that  the  polarizer  is  in  die  incident 
read  beam  and  the  analyzer  is  in  the  reflected  read  beam  (see  Figure  3).  Linearly  polarized  light 
which  is  incident  on  the  LCLV  will  be  twisted  by  a  45  degree  angle  on  its  first  pass  through  the 
liquid  crystal  layer.  The  light  will  then  be  twisted  in  the  opposite  direction  by  45  degrees  upon 
returning  through  the  liquid  crystal  layer  after  reflection  of  the  dielectric  mirror.  Therefore,  the 
exiting  light  will  be  in  phase  with  the  incident  light  which  would  be  blocked  by  the  crossed 
analyzer.  This  dark  field  off-state  of  the  device  is  logically  explained  by  the  twisted  nematic  effect. 
Care  is  exercised  so  that  experimentally  the  polarization  of  the  incident  light  entering  the  read  side 
of  the  SLM  is  aligned  along  the  preferential  direction  of  the  electrode  surfaces  in  order  for  the 
twisted  nematic  off-state  to  work  properly. 

The  polarization  of  the  Fght  can  also  remain  unchanged  by  the  application  of  a  voltage 
across  the  electrodes  which  rotates  the  liquid  crystal  molecules  such  that  the  long  axis  of  the 
molecules  is  oriented  perpendicularly  to  the  electrode  surfaces.  This  condition  would  result  in  a 
dark  on-state  but  would  be  of  little  value.  However,  this  analogy  is  important  to  understand  that  an 
applied  voltage  between  the  full  "on"  and  full  "off  state  exists  such  that  the  LCLV  will  transmit 
light  through  the  analyzer.  The  liquid  crystal  molecules  affect  the  polarization  of  the  read  light 
through  optical  birefringence  when  the  orientation  of  these  molecules  is  between  a  horizontal  and 
perpendicular  alignment  of  the  electrodes.  This  occurs  for  some  intermediate  voltage  between  the 
fiill  "on"  and  full  "off  states. 

The  Hughes  LCLVs  utilized  during  this  investigation  were  composed  of  CdS 
photoconductive  surface,  CdTe  light  blocking  layer,  a  dielectric  mirror,  and  twisted  nematic  liquid 
crystal.  The  dielectric  mirror  was  coated  for  optimum  use  of  the  LCLV  with  a  red  (632.8  nm)  read 
beam  and  a  green  (514.5  nm)  write  beam.  The  effective  apertur  .  of  the  LCLV  was  a  2-  by  2  inch 

square  with  a  manufacturer  refiorted  surface  flatness  of  <  VI 0. 
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Figure  2.  Elementary  Circuit  Model  of  an  SLM 
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Figure  3.  LCLV  Operation  with  Polarizer! Analyzer  Pair 


B.  GEC-Marconi  Research  SLM 

The  GEC-Marconi  Research  SLM  is  based  on  a  sandwich  structure  similar  to  the 
Hughes  LCLV  discussed  above.  The  key  difference  is  the  material  used  as  the  photoconductive 
surface.  The  cadmium  sulfide  layer  of  the  LCLV  allows  for  reasonable  resolution  but  is  slow 
responding.  Crystalline  silicon,  used  in  more  recent  Hughes  LCLVs,  is  fast-acting  with  good 
input  light  sensitivity  but  normally  has  low  spatial  resolution  due  to  the  thickness  required  [19]. 
The  use  of  amorphous  silicon  provides  high  resolution  while  maintaining  the  speed  and  sensitivity 
of  crystalline  silicon.  Care  is  exercised  in  the  design  of  such  devices  to  keep  all  layers  as  thin  as 
possible  to  reduce  any  charge  spreading  effects  that  reduce  resolution  capabilities. 

The  GEC-Marconi  Research  SLM  utilized  in  this  investigation  had  a  dielectric  mirror 
coated  for  optimum  operation  of  the  device  with  green  (514.5  nm)  read  and  write  beams.  The 
effective  aperture  of  the  SLM  was  40  mm  by  40  mm  square.  The  manufacturer  reported  surface 

flatness  was  3X12  over  the  central  3  cm  surface  area. 

C.  Optically  Addressed  Ferroelectric  Liquid  Crystal  SLM 

The  ferroelectric  liquid  crystal  has  in  recent  years  been  considered  as  a  candidate  for 
optical  computing  or  optical  pattern  recognition  [20].  The  electro-optical  modulation  of  the  material 
occurs  when  voltages  of  opposite  signs  are  applied  to  two  transparent  conducting  oxide  layers 
which  sandwich  a  slab  of  Ferroelectric  Liquid  Crystal  (FLC).  The  voltages  selected  will  determine 
the  optical  axis  orientation  which  can  theoretically  assume  one  of  only  two  possible  forms,  both  of 
which  are  parallel  to  the  electrode-coated  optical  flats  and  differ  by  an  angle  equivalent  to  twice  the 
tilt  angle  of  the  ferroelectric  material.  These  two  orientations  allow  for  binary  operation  of  the  cell 
structure.  The  tilt  angle  of  most  ferroelectric  liquid  crystal  materials  is  22.5  degrees  over  a  wide 
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range  of  temperatures.  Therefore,  the  optical  axis  is  electrically  rotated  by  an  angle  of  45  degrees 
per  pass  through  the  cell  [21], 


Figure  4  illustrates  the  electro-optical  modulation  of  a  transmissive  ferroelectric  liquid 
crystal  element.  The  polarization  of  the  FLC  is  chosen  so  the  incident  light  is  either  parallel  or 
perpendicular  to  one  of  the  voltage- selected  optical  axis  orientations  so  the  light  will  be  transmitted 
through  the  cell  unaffected.  However,  if  the  voltage  state  is  changed  to  a  voltage  of  equal 
magnitude  but  opposite  polarity,  then  the  optical  axis  is  rotated  by  45  degrees  from  the  incident 

polarization.  The  thickness  of  the  FLC  material  is  chosen  so  a  total  phase  shift  of  7t  will  occur  for 
light  passing  through  the  cell  under  this  condition.  Therefore,  the  incident  light's  polarization  will 
be  rotated  by  90  degrees  for  a  dark  field  effect.  Typical  voltages  used  for  the  modulation  of  FLC 
are  small  --  on  the  order  of  +/- 16  V. 

Optically  addressed  ferroelectric  liquid  crystal  SLMs  have  been  fabricated  by  the 
University  of  Colorado-Boulder,  Displaytech,  and  STC  Technologies.  The  FLC  SLMs  utilized 
during  this  investigation  were  fabricated  by  the  University  of  Colorado-Boulder  and  Displaytech. 
The  basic  construction  and  theory  of  operation  of  these  SLMs  is  similar  to  the  Hughes  LCLV  and 
the  GF.C-Marconi  Research  SLM.  Amorphous  silicon  is  used  as  the  photosensor  and  the  liquid 


crystal  is  ferroelectric  in  nature.  The  ferroelectric  liquid  crystal  is  Smectic  C*.  Typical  operation  of 
the  FLC  devices  requires  the  application  of  a  17  V  peak-to-peak  amplitude  of  a  1  KHz  square  wave 
with  a  small  DC  offset  voltage  (typically  +2  V). 

Three  FLC  SLMs  were  available  for  this  investigation.  Two  were  jointly  produced  by 
the  University  of  Colorado-Boulder  and  Displaytech.  These  two  devices  are  the  first  known 
optically  addressed  SLMs  that  used  ferroelectric  liquid  crystals  as  the  modulating  medium.  Because 
of  their  prototype  evolutionary  state,  these  devices  did  not  employ  optical  flats  to  sandwich  the 
structure  or  a  dielectric  mirror.  The  absence  of  the  dielectric  coatings  allowed  for  the  unwanted 
transmission  of  the  write  beam  through  the  liquid  crystal.  A  great  deal  of  unmodulated  light  was 
transmitted  by  these  devices  when  they  were  addressed  with  a  broadband  white  light. 
Experimentally,  it  was  found  that  green  light  was  well  absorbed  while  still  providing  enough 
activation  energy  for  the  amorphous  silicon  photosensor.  The  absence  of  the  dielectric  mirrors  also 
resulted  in  cautious  operation  of  the  SLM  to  prevent  the  read  light  from  being  of  a  sufficient 
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intensity  to  enter  the  photosensor  and  write  a  DC  bias  term.  Without  the  dielectric  mirror  present, 
the  reflectivity  of  the  device  is  determined  by  the  step  in  the  refractive  index  at  the  amorphous 
silicon/liquid  crystal  interface.  This  refractive  index  difference  resulted  in  a  reflectivity  of 
approximately  20  percent  of  the  read  beam.  Furthermore,  the  glass  plates,  as  opposed  to  optical 
flats,  in  these  modulators  created  an  interference  pattern  of  Newton  rings  in  the  modulated  read 
image.  These  rings  increased  the  average  of  the  background  noise  of  the  modulated  image  and  thus 
decreased  the  visibility  (or  contrast  ratio)  available  from  these  SLMs. 

The  third  FLC  SLM  was  manufactured  by  Displaytech.  This  device  utilized  optical  flats 
and  a  dielectric  mirror.  The  mirror  was  coated  for  optimum  use  of  the  SLM  with  a  green  (514.5 
nm)  write  beam  and  a  red  (632.8  nm)  read  beam.  The  optical  flats  and  dielectric  mirrors  erased  the 
problems  associated  with  the  two  modulators  discussed  above. 

III.  SLM  PERFORMANCE  CHARACTERISTICS 

The  performance  characteristics  of  three  unique  optically  addressed  SLMs  have  been 
experimentally  investigated.  TTie  measured  parameters  include  maximum  resolution,  visibility, 
imaging  response  time,  and  write  light  sensitivity.  The  modulators  investigated  include  two 
relatively  new  technologies,  the  FLC  SLM  from  the  University  of  Colorado-Boulder  and  the 
amorphous  silicon  photoconductive  twisted  nematic  liquid  crystal  SLM  from  GEC-Marconi 
Research,  and  a  well  established  industry  benchmark,  the  Hughes  LCLV. 

This  section  is  a  compilation  of  operating  parameters  and  performance  of  the  above 
modulators.  The  parameters  investigated  aid  in  understanding  the  utility  of  these  modulators  as 
input  image  transducers,  specifically  in  optical  correlator  architectures.  The  resolution,  visibility, 
and  response  time  of  each  modulator  was  measured  and  the  results  are  presented  here  for 
comparison. 

A.  Resolution  Measurements 

The  experimental  system  shown  in  Figure  5  was  used  to  measure  the  resolution  of  the 
candidate  SLMs.  A  HeNe  laser  (^=632.8  nm)  was  spatially  filtered  and  collimated  using  standard 
laboratory  techniques.  A  polarizing  beamsplitter  was  used  to  direct  the  HeNe  beam  to  the  read  side 
of  the  SLM.  Lenses  L2  and  L3  were  used  to  image  the  modulated  read  beam  onto  a  CCD  camera. 
The  position  and  focal  length  of  lenses  L2  and  L3  were  chosen  to  provide  a  4:1  magnification  of 
the  modulated  read  beam.  The  input  polarizer  and  polarizing  beamsplitter  were  also  oriented  for 
optimum  image  visibility  at  the  CCD  plane.  An  argon  ion  laser  was  employed  as  the  write  light 
source.  The  argon  laser  was  also  spatially  filter^  and  collimated  using  standard  laboratory 

techniques.  The  collimated  argon  beam  (X=514.5  nm)  was  incident  on  a  chrome-on-glass 
transparency  of  a  USAF  Resolution  Chart.  The  illuminated  chart  was  then  imaged  onto  the  write 
side  of  the  SLM  using  lens  LI,  a  50  mm  focal  length  compound  lens  assembly.  The  focal  length 
and  position  of  the  lens  was  chosen  for  unity  magnification  of  the  chart  onto  the  SLM  write 
surface.  Initially,  no  SLM  was  present  in  the  test  system  in  order  to  measure  the  maximum 
resolution  of  the  imaging  optics.  A  photograph  of  the  resultant  image  is  shown  in  Figure  6.  The 
smallest  resolvable  segment  of  the  USAF  resolution  chart  was  found  in  group  #6,  element  #5 
which  corresponds  to  a  maximum  resolution  of  102  Ip/mm. 

A  Hughes  LCLV  was  initially  tested  with  the  above  system.  The  Hughes  LCLV 
employs  CdS  as  the  photoconductor  and  a  twisted  nematic  liquid  crystal  structure  as  the  active 
modulating  medium.  Maximum  resolution  was  achieved  when  this  device  was  driven  by  a  1.92 
KHz,  9.96  V  amplitude  sinusoidal  waveform  while  the  incident  read  and  write  beam  intensities 

corresponded  to  140  ^iW/cm^  each.  A  photograph  of  the  modulated  read  beam  image  is  shown  in 
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Figure  7(a).  The  maximum  resolution  was  found  in  group  #5,  element  #3  which  corresponds  to 
40  Ip/mm.  This  particular  LCLV  was  fabricated  in  the  late  70s.  This  modulator  was  replaced  in 
the  optical  testbed  with  a  more  recently  fabricated  LCLV,  also  manufactured  by  Hughes.  This 
more  recent  LCLV  also  employed  CdS  and  a  twisted  nematic  liquid  crystal  structure.  The 

intensities  of  the  write  and  read  beams  were  measured  to  be  100  and  80  pW/cm^,  respectively. 
The  driving  waveform  and  read  beam  polarization  were  adjusted  until  maximum  resolution  was 
observed  at  the  CCD  plane.  Maximum  resolution  was  determined  to  be  22.6  Ip/mm  (group  #  4, 
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Figure  5.  SLM  Resolution  Measurement  System 


Figure  6.  Resolution  Limit  of  System  Shown  in  Figure  5 
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element  #4)  as  shown  by  the  photograph  in  Figure  7(b).  The  driving  waveform  corresponding  to 
this  maximum  resolution  condition  was  a  4  KHz,  7.97  V  sinusoid.  The  difference  in  resolution 
between  the  Hughes  LCLVs  may  be  attributed  to  variations  that  occurred  in  the  manufacture  of  the 
LCl.Vs,  specifically,  the  alignment  process  of  the  multilayer  .sandwich  structures. 


(a) 


(b) 

f  if^ure  7.  Resolution  of  the  Hughes  LCLVs 


The  Hughes  LCLVs  were  then  replaced  with  an  optically  addressed  SLM  available 
from  GEC-Marconi  Research.  This  SLM  utilizes  hydrogenated  amorphous  silicon  as  the 
photoconductor  and  a  twisted  nematic  liquid  crystal  structure  as  the  modulating  medium.  Again, 
the  driving  waveform  and  read  beam  polarization  were  adjusted  until  maximum  resolution  was 
observed  at  the  CCD  plane.  Initially,  the  write  light  incident  on  the  SLM  corresponded  to  6(X) 

pW/cm^.  Maximum  resolution  was  determined  to  be  71.8  Ip/mm  while  the  driving  waveform  of 
the  SLM  was  a  5  KHz,  3.5  V  sine  wave.  Alternatively,  maximum  resolution  was  determined  to 
be  64  Ip/mm  (group  #6,  element  #1)  for  lower  write  light  intensities  (1(X)  pW/cm^).  This 
resolution  measurement  for  low  write  light  intensities  occurred  when  the  GEC-Marconi  SLM  was 
driven  by  a  1.5  KHz,  2  V  square  wave  with  a  +1  V  DC  offset.  A  photograph  of  the 
corresponding  image  is  shown  in  Figure  8. 

The  GEC-Marconi  SLM  was  then  replaced  by  an  optically  addressed  FLC  SLM 
fabricated  by  the  University  of  Colorado- Boulder  and  Displaytech,  Inc.  TTie  basic  structure  of  this 
modulator  was  discussed  in  Section  II.  Optimum  resolution  was  observed  when  the  incident  write 

beam  intensity  corresponded  to  3(X)-5(X)  pW/cm^.  Maximum  resolution  was  determined  to  be 

71.8  Ip/mm  when  the  incident  write  light  intensity  corresponded  to  300  pW/cm^.  For  optical 
correlation  applications,  lower  write  light  intensities  are  usually  required.  The  write  beam  was 
attenuated  with  a  variable  beamsplitter  until  I(X)  pW/cm^  was  incident  on  the  FLC  SLM  write 
surface.  The  driving  waveform  and  read  beam  polarization  were  adjusted  until  maximum 
resolution  and  image  visibility  occurred.  The  optimum  resolution  and  visibility  were  both  very 
low.  The  sensitivity  of  the  device  to  input  scenes  corresponding  to  the  above  stated  intensity  was 

immeasurable.  The  write  beam  intensity  was  then  increased  to  200  pW/cm^  incident  on  the  FLC 
SLM.  This  intensity  was  a  compromise  between  the  write  light  intensity  required  to  achieve 


Figure  8.  Resolution  of  the  GEC-Marconi  Research  SLM 
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maximum  resolution  and  the  intensity  commonly  needed  in  optical  correlator  architectures. 
Maximum  resolution  was  determined  to  be  64  Ip/mm  at  200  [iW/cm^  incident  write  light  while  the 
driving  waveform  was  a  1.25  KHz,  15  V  square  wave  with  a  +5  V  DC  offset.  A  photograph  of 
the  resultant  image  is  shown  in  Figure  9(a). 

A  second  FLC  SLM  was  tested  in  the  system  depicted  in  Figure  5.  This  FLC  SLM  was 
also  fabricated  by  the  University  of  Colorado- Boulder  and  Displaytech,  Inc.  At  500  |iW/cm^ 
incident  write  beam  intensity,  maximum  resolution  was  determined  to  be  102  Ip/mm  while  the 
driving  waveform  was  a  1  KHz,  9  V  square  wave  with  a  +3  V  DC  offset.  This  resolution 
measurement  corresponds  to  the  maximum  resolution  of  the  imaging  optics  of  the  testbed.  The 
source  of  the  resolution  limit  of  the  experimental  system  is  believed  to  be  twofold.  First,  the 
lenses  used  within  the  system  are  believed  to  be  MTF  limited  at  approximately  100  Ip/mm. 
Secondly,  the  magnification  chosen  for  the  imaging  optics  extended  the  useful  resolving  power  of 
the  CCD  camera  from  25-30  Ip/mm  to  100  Ip/mm  by  choosing  the  position  and  focal  length  of  the 
read  beam  imaging  lens  to  achieve  an  image  magnification  of  4:1.  Therefore,  the  maximum 

resolution  of  the  FLC  SLM  may  well  be  greater  than  100  Ip/mm  for  a  500  p.W/cm2  incident  write 
light  intensity.  Again,  the  write  beam  was  attenuated  with  a  variable  beamsplitter  until  the  incident 

light  on  the  write  surface  of  the  SLM  corresponded  to  200  flW/cm^.  The  maximum  resolution 
was  determined  to  be  71.8  Ip/mm  (group  #6,  element  #2)  for  this  condition.  The  driving 
waveform  of  the  device  was  a  1  KHz,  10  V  square  wave  with  a  +5  V  DC  offset.  A  photograph  of 
the  resultant  image  is  shown  in  Figure  9(b). 

The  above  resolution  measurements  are  summarized  in  Table  3.1  along  with  the 
resolution  corresponding  to  50%  visibility  discussed  in  the  following  section. 

B.  Visibility  Measurements 

The  experimental  system  shown  in  Figure  10  was  used  to  measure  the  visibility  of  the 
candidate  SLMs.  The  system  shown  in  Figure  10  differs  firom  the  one  shown  in  Figure  5  by  the 
addition  of  a  Colorado  Video  model  32 1  video  analyzer  and  a  strip-chart  recorder.  The  output 
video  of  the  CCD  camera  was  channeled  to  the  video  analyzer.  The  analyzer  was  then  used  to 
perform  a  horizontal  or  vertical  scan  across  each  group  and  element  of  the  USAF  resolution  image. 
The  relative  intensity  of  the  scans  was  recorded  via  an  OmniScribe  D5000  series  chart  recorder. 
Following  Michelson  [22),  visibility  is  defined  as: 

yj  _  Itnax  ~  Imin 
^max  Imin 

where  Imax  and  Imin  are  the  maximum  and  minimum  intensities  of  the  resulting  image.  The 
visibility  of  each  group  and  element  number  was  determined  using  the  above  technique.  The 
group  and  element  number  of  the  USAF  resolution  image  corresponding  to  a  visibility  of  0.50  for 
each  SLM  was  particularly  noted. 

The  resolution  corresponding  to  50  percent  visibility  for  each  of  the  above  modulators 
was  determined  using  the  same  conditions  of  operation  (write  light  intensity  and  driving 
waveform)  for  each  of  the  modulators  described  above.  A  summary  of  these  measurements  is 
shown  in  Table  1. 
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Table  1.  Tabulated  SLM  Resolution  and  Visibility  Data 


kVj  H 1  n  1^1 1  aoKi  H  ik'A 

HUGHES  LCLV 

40  Ip/mm 

20  Ip/mm 

140  jiW/sq.cm. 

PCU  SLM  (Hughes 

LCLV) 

22  Ip/mm 

18  Ip/mm 

lOOpW/sq.cm. 

GEC-Marconi  SLM 

64  IpAnm 

32  Ip/mm 

l(X)pW/sq.cm. 

FLC#1  SLM 

64  Ip/mm 

40  Ip/mm 

200  pW/sq.cm. 

FLC  #2  SLM 

71.8  Ip/mm 
>102  Ip/mm 

20  Ip/mm 

200  pW/sq.cm. 

500  pW/sq.cm. 

2 


Figure  Ri  suliiUon  of  the  f  crroclectru  Liquid  Cry  stal  SLMs 


C.  Response  Time  Measurements 


The  response  times  of  the  candidate  modulators  were  measured  using  the  experimental 
system  shown  in  Figure  1 1 .  The  inclusion  of  an  electronic  shutter  in  the  write  beam  and  a 
modification  of  the  read  beam  output  optics  are  the  key  differences  between  this  testbed  and  the 
one  described  in  Figure  5.  Lenses  L2  and  L3  of  Figure  5  were  replaced  with  a  single  254  mm 
focal  length  bi-convex  lens.  This  lens  was  chosen  to  capture  the  entire  modulated  read  beam  onto 
a  Newport  Research  Corp.  model  815-SL  power  meter/photodetector  assembly.  The  analog 
output  of  the  power  meter  was  then  sampled  using  an  A/D  data  acquisition  board  located  within  an 
IBM  AT  chassis.  Alternatively,  the  output  of  the  power  meter  could  be  viewed  with  an 
oscilloscope. 

Prior  to  collection  of  data  using  this  system,  the  resjxjnse  time  limitation  of  the  shutter, 
detector,  and  A/D  acquisition  was  determined.  The  detector  was  positioned  in  front  of  the  shutter 
of  the  write  beam,  which  was  cycled  open  and  closed  every  40  milliseconds.  The  A/D  board 
sampled  the  output  of  the  detector  every  0.2  milliseconds  during  this  cycling.  The  rise  and  fall 
times  were  determined  to  be  approximately  one  millisecond  each  for  the  shutter/detector 
combination.  Therefore,  the  detector,  shutter,  and  A/D  acquisition  process  should  not  limit  the 
response  measurement  of  the  candidate  modulators  until  about  500  Hz. 

The  Hughes  LCLVs  were  first  tested  using  the  system  described  above.  The  shutter, 
and  therefore  the  write  beam  incident  on  the  modulator,  was  cycled  "on"  and  "off  for  each 
modulator.  The  analog  output  of  the  photodetector  was  sampled  and  the  resultant  plots  of  response 
time  for  the  two  Hughes  LCLVs  are  shown  in  Figure  12.  The  write  and  read  beams  incident  on  the 

late  1970s  LCLV  corresponded  to  100  pW/cm^  and  80  pW/cm^  intensity,  respectively.  Response 
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Figure  10.  Visibility  Measurement  System 
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Figure  11.  Response  Time  Measurement  System 


of  SLMs  is  typically  quoted  as  a  function  of  two  values  -  rise  and  fall  times.  Furthermore,  the  rise 
time  is  typically  quoted  from  the  10  percent  to  90  percent  of  full  modulation  whereas  fall  time  is 
quoted  as  the  90  percent  to  10  percent  of  full  modulation.  The  10-90  percent  rise  time  was 
measured  as  22  milliseconds  whereas  the  90-10  percent  fall  time  was  measured  as  52  milliseconds 
for  a  total  cycle  time  of  74  milliseconds.  Alternatively,  the  0-100  percent  rise  time  was  measured 
as  ?>5  milliseconds,  the  100-0  percent  fall  time  was  77  milliseconds,  and  the  total  cycle  time  was 
112  milliseconds.  The  response  of  the  more  recently  fabricated  Hughes  LCLV  was  also 
measured.  The  response  was  measured  with  incident  write  and  read  beam  intensities  of  100  and 

80  pW/cm2,  respectively.  The  10-90%  rise  time  was  determined  to  be  27  milliseconds,  whereas 
the  90- 10  percent  fall  time  was  77  milliseconds.  Alternatively,  the  0-100  percent  rise  time  was  54 
milliseconds  and  the  100-0  percent  fall  time  was  140  milliseconds  for  this  device. 

The  Hughes  LCLVs  were  replaced  with  the  GEC-Marconi  Research  SLM  in  the 
experimental  system  depicted  in  Figure  11.  The  resultant  response  curve  is  shown  in  Figure  13. 
The  10-90  percent  rise  time  was  measured  to  be  6  milliseconds  while  the  90-10  percent  fall  time 
was  19  milliseconds.  The  0-100  percent  rise  time  was  determined  to  be  1 1  milliseconds,  whereas 
the  100-0  percent  fall  time  was  40  milliseconds.  The  write  and  read  beam  intensities  corresponding 

to  these  measurements  were  100  and  10  pW/cm^  ,  respectively. 

The  GEC-Marconi  SLM  was  then  replaced  with  the  earlier  version  of  the  FLC  SLM 
fabricated  by  the  University  of  Colorado-Boulder  and  Displaytech,  Inc.  The  response  of  this 
modulator  was  measured  using  the  techniques  described  above.  The  resultant  response  curve  is 
shown  in  Figure  14(a).  The  10-90  percent  rise  time  was  measured  to  be  5  milliseconds  whereas 
the  90-10  percent  fall  time  was  determined  to  be  4  milliseconds.  The  0-100  percent  rise  time  was 
measured  to  be  10  milliseconds,  whereas  the  100-0  percent  fall  time  was  determined  to  be  8 

milliseconds.  The.se  response  measurements  occurred  at  6(X)  pW/cm^  write  light  intensity  and  25 

pW/cm^  read  light  intensity. 
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Figure  12.  Response  of  (a)  the  Late  70s  Hughes  LCLV  and 
(b)  the  More  Recently  Fabricated  Hughes  LCLV 
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The  SLM  was  then  replaced  with  a  more  recently  fabricated  FLC  SLM,  also  fiom  the 
University  of  Colorado- Boulder  and  Displaytech,  Inc.  The  electronic  shutter  was  cycled  open  and 
closed  at  a  5  Hz  frequency.  A  high  frequency  modulation  observed  on  the  response  cuive  was 
due  to  the  device  being  driven  by  the  1.0  KHz  .square  wave  voltage.  The  reason  that  the  output  of 
the  device  oscillates  at  this  frequency  is  because  the  device  at  least  partially  erases  during  the 
forward-bias  portion  of  the  square  wave  cycle.  Ideally,  the  device  would  completely  erase  during 
every  forward  bias  period,  but  the  photoconductive  effects  of  the  amorphous  silicon  photosensor 
presently  limit  this  response.  The  large  amplitude  of  this  high  frequency  modulation  obscured  the 
rise  and  fall  times  of  the  optical  response.  Analog  filtering  was  employed  prior  to  the  A/D 
sampling  to  more  clearly  determine  the  optical  response  of  the  modulator  while  suppressing  the 
electrical  response  due  to  the  driving  frequency.  Several  low-pass  filters  were  utilized.  The  cutoff 
frequency  of  these  filters  included  500,  200,  and  100  Hz.  Comparison  of  the  resulting  response 
curves  using  these  varying  filters  revealed  no  characteristic  change  in  the  shape  of  the  optica! 
response  while  successfully  suppressing  most  of  the  high  frequency  modulation.  Figure  14(b) 
shows  the  optical  response  of  the  FLC  modulator  using  a  low-pass  analog  filter  with  a  100  Hz 
cutoff  frequency.  The  rise  time,  measured  from  the  baseline  to  the  majcimum  value,  was  6 
milliseconds.  The  fall  time,  from  maximum  value  to  the  baseline,  was  8  milliseconds.  The  cycle 
time  is  14  milliseconds  which  corresponds  to  approximately  70  Hz.  This  response  was  t^en 

near  the  optimum  visibility  of  the  modulator  with  500  |lW/cm2  incident  on  the  write  side  of  the 
device.  The  device  was  driven  with  a  1  KHz,  10  V  square  wave  with  a  +5  V  DC  offset.  The 
above  response  time  measurements  are  summarized  in  Table  2. 


Table  2.  Summary  of  Respon.se  Time  Data  for  the  Candidate  SLMs 


SLM 

RISE  TIME 
10%-90%/0%-100% 

FALL  TIME 
10%-90%/0%-100% 

WRITE  INTENSrrY 

HUGHtSLCLV 

22  n^sec  /  35  msec 

52  msec  /  77  msec 

lOOgW/sq.  cm. 

K  U  SLM  (Hughes  LCLV) 

27  msec  /  54  msec 

77  msec  / 140  msec 

100  gW/sq.  cm. 

(  ’iF.C- Marconi  Research  Sl.M 

6  msec  / 1 1  msec 

19  msec  /40  msec 

lOOgW/sq.  cm. 

U.f:#l  SLM 

5  msec  /  10  msec 

4  msec  /  8  msec 

600  gW/sq.  cm. 

n,C#2  SLM 

- . /  6  msec 

- /  8  msec 

500  gW/sq.  cm. 
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Figure  13.  Response  of  a  GEC-Marconi  SLM 


Key  performance  parameters  of  several  optically  addressed  SLMs  have  been 
experimentally  determined.  These  parametric  measurements  included  maximum  resolution, 
visibility,  and  response  time  of  Hughes,  GEC-Marconi,  and  FLC  SLMs.  The  measurements  are 
not  necessarily  intended  to  present  absolute  values  for  the  performance  of  the  candidate 
modulators;  however,  they  do  provide  an  accurate  naeans  of  comparing  SLMs  due  to  the  identical 
test  techniques  used. 


(a) 
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Figure  14.  Response  of  the  Ferroelectric  Liquid  Crystal  SLMs 
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IV.  HUGHES  LIQUID  CRYSTAL  LIGHT  VALVE  (LCLV)  NONLINEAR  RESPONSE 

Recently,  the  effects  of  a  nonlinear  matched  filter  in  optical  correlator  architectures  have  been 
investigated  [23].  The  operation  of  this  nonlinear  matched  filter  has  been  simulated  for  various 
correlator  architectures.  However,  the  nonlinear  response  of  most  SLMs  typically  utilized  in  these 
correlators  has  not  been  experimentally  measured.  The  response  of  several  SLMs  has  been 
measured  and  will  be  discussed  within  this  report.  These  responses  were  measured  for  varying 
illuminations  and  driving  waveform  amplitudes  and  frequencies.  The  modulators  tested  include  the 
Hughes  CdS  LCLV,  the  GEC-Marconi  SLM,  and  the  optically  addressed  FLC  SLMs. 
Furthermore,  the  response  was  measured  for  varying  read  light  spectra  from  red  to  green  for  the 
l.CLV  and  GEC-Marconi  SLM.  The  response  of  the  optically  addressed  ferroelectric  SLMs  as  a 
function  of  read  light  spectra  was  not  measured  due  to  the  lack  of  a  dielectric  mirror  to  effectively 
isolate  the  read  and  write  beams  from  each  other  for  proper  activation  of  the  photosensor. 

The  details  of  the  response  measurement  of  the  LCLV  are  discussed  within  this  section,  the 
GEC-Marconi  SLM  is  discussed  in  Section  V,  and  the  FLC  SLM  in  Section  VI. 

A.  LCLV  Response  to  632.8  nm  Read  Beam  Illumination 

The  experimental  system  shown  in  Figure  15  was  used  to  measure  the  response  of  the 
Hughes  LCLV  as  a  function  of  write  light  intensity  for  various  driving  waveforms  and  amplitudes 

while  maintaining  a  fixed  spectral  addressing  of  red  (X=632.8  nm)  read  beam  and  a  green 

(X=514.5  nm)  write  beam.  A  Spectra-Physics  model  124B  HeNe  laser  was  spatially  filtered  and 
collimated  using  standard  laboratory  techniques.  The  spatial  filter  consisted  of  a  20x  objective  and 

1 5  |Ltm  pinhole.  The  collimating  lens  was  a  bi-convex  doublet  with  an  effective  focal  length  of  50 
mm.  A  polarizer  was  then  used  to  selectively  address  the  read  surface  of  the  LCLV  with  venically 
polarized  light  via  a  nonpolarizing  beamsplitter.  Polarizer  P3  was  used  as  an  analyzer  of  the 
modulated  read  beam  to  observe  an  optimal  amplitude  modulated  image  at  Detector  #2  via  lens  L3. 
L3  was  a  biconvex  lens  with  a  focal  length  of  254  mm  and  Detector  #2  was  a  Newport  Research 
Corporation  (NRC)  model  81  SSL  silicon  photodetector  mated  to  an  NRC  model  835  power  meter. 
The  neutral  density  filters  in  the  read  beam  were  used  to  attenuate  the  light  incident  on  the  read 
surface  of  the  LCLV.  The  light  incident  on  this  surface  was  measured  to  be  approximately  10 

}iW/cni2.  The  write  beam  to  the  LCLV  was  constructed  from  a  Spectra-Physics  model  2020  argon 

ion  laser  source.  This  source  was  spatially  filtered  and  collimated  using  a  20x  objective,  15  pm 
pinhole,  and  a  biconvex  lens  with  a  focal  length  of  254  mm.  Polarizer  PI  was  used  to 
preferentially  address  the  write  surface  of  the  LCLV  with  vertically  polarized  light  via  a 
nonpolarizing  beamsplitter.  A  variable  beamsplitter/attenuator, VBS,  was  inserted  in  the  write  beam 
prior  to  the  nonpolarizing  beamsplitter  to  provide  a  means  of  varying  the  write  light  intensity 
incident  on  the  write  surface  of  the  LCLV  and  the  reference  write  beam  photodetector  D1 . 

Initially,  a  USAF  resolution  transparency  was  imaged  onto  the  write  surface  of  the 
LCLV  via  lens  L2,  a  compound  imaging  lens  with  an  effective  focal  length  of  50  mm.  The  driving 
waveform,  amplitude,  and  frequency,  as  well  as  the  orientation  of  the  analyzer  P3,  were  varied 
until  an  image  of  optimal  visibility  was  observed  at  detector  plane  D2.  The  silicon 
photodetector/power  meter  located  in  this  plane  was  temporarily  replaced  with  a  CCD  camera  to 
observe  the  modulated  read  beam  image.  The  optimum  driving  signal  for  the  LCLV  was 
determined  to  be  a  1.92  KHz  sinusoid  with  an  amplitude  of  9.96  volts.  This  image  corresponded 

to  a  write  light  intensity  of  100  |iW/cm2  incident  on  the  SLM.  The  driving  frequency  of  the 
Hughes  LCLV  was  reduced  to  1  KHz. 
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Figure  15.  Experiment  System  Used  to  Measure  Response  of  LCLV 
with  Red  Read  Illumination 


The  silicon  photodetector  was  repositioned  at  plane  D2  and  the  variable  attenuator 
rotated  over  an  extended  range.  The  read  and  write  intensities  of  detector  D2  and  Dl,  respectively, 
were  recorded  as  the  write  light  incident  on  the  LCLV  was  altered.  The  resultant  response  of  the 
LCLV  modulated  read  beam  as  a  function  of  write  light  intensity  is  shown  in  Figure  16.  Data  was 
also  taken  for  driving  frequencies  of  2  KHz  and  5  KHz.  In  order  to  achieve  an  image  of  optima! 
visibility  at  D2,  Analyzer  P3  was  not  adjusted  at  the  beginning  of  each  data  run.  The  resulting  data 
is  plottti  with  the  I  I^z  frequency  data  in  Figure  16. 

The  maximum  intensity  of  the  modulated  read  beam,  shown  in  Figure  16,  was 
measured  to  be  approximately  2.5  (iW/cm^  at  plane  D2.  This  value  is  considerably  less  than  the  10 

|iW/cm^  incident  on  the  read  surface  of  the  LCLV.  More  detailed  analysis  of  the  read  beam 
intensity  at  various  locations  along  its  path  was  performed.  The  intensity  of  the  reflected  read 
beam  was  measured  for  two  different  operating  conditions  of  the  LCLV —  without  any  write  light 

illumination  and  with  approximately  100  ^W/cm^  write  light  incident  on  the  LCLV.  Prior  to 
polarizer  P3  but  after  transmission  of  the  reflected  read  beam  through  the  beamsplitter,  the  read 

beam  intensity  was  measured  to  be  4.5  and  3.25  ^iW/cm^  for  100  p.W/cm2  and  zero  intensity  write 
light  illuminations,  respectively.  Analyzer  P3  was  oriented  for  optimum  amplitude  modulation, 
i.e.,  visibility,  of  the  image  at  plane  D2.  Consequently,  a  significant  amount  of  read  light  which  is 
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1.0  KHz  case: 

If  ^0.774  ^ 

+  0.0856 

2.0  KHz  case: 

Ir  =  0.724 

{i-«p(,47)} 

+  0.144 

5.0  KHz  case: 

Ir  =  0.808  j 

[•-‘«p  (j^)} 

+  0.0588 

Figure  16.  LCLV  Response  as  a  Function  of  Driving  Frequency 

not  polarized  in  the  same  plane  as  the  transmission  axis  of  P3  is  blocked.  The  modulated  read 
beam  after  transmission  through  P3  was  measured  to  be  1.1  pWfcm^  and  60  nW/cm^  for  100 
p,W/cm2  and  zero  write  light  intensities,  respectively. 

Next,  the  response  of  the  LCLV  was  measured  as  a  function  of  the  driving  amplitude. 
Again,  the  read  and  write  beam  intensities  were  recorded  as  the  write  light  incident  on  the  LCLV 
was  altered.  Initially,  the  LCLV  was  operated  with  a  1.92  KHz  10  V  sinusoidal  driving  signal. 
Data  for  driving  amplitudes  of  8.0,  10.0,  and  12.0  V  are  shown  graphically  in  Figure  17. 
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8.0  V  case: 

Ir  =  0.923  {  1  -  exp  (^)  }  -  0.0178 
10.0  V  case: 

4  =  0.715  {  «  +«••« 

12.0  V  case: 

Ir  =  1.40  {  I  -  exp  (^)}  0.576 


Figure  i  /  LCLV  Response  as  a  Function  of  Driving  Amplitude 


B.  LCLV  Response  to  514.5  nm  Read  Beam  Illumination 

The  response  of  the  LCLV  was  also  measured  as  a  function  of  driving  amplitudes  and 
frequencies  when  green  illumination  was  used  for  both  the  read  and  write  beams.  The 
experimental  system  used  to  measure  this  response  is  shown  in  Figure  18.  A  Spectra-Physics 
model  2020  argon  ion  laser  was  spatially  filtered  and  collimated  using  standard  laboratory 

techniques.  The  spatial  filter  consisted  of  a  20x  objective  and  15  pm  pinhole.  The  collimating  lens 
had  a  focal  length  of  189  mm.  The  collimated  beam  was  divided  into  two  equal  intensity  beams  by 
beamsplitter  BSl .  The  reflected  and  transmitted  beams  were  directed  to  the  write  and  read  surfaces 
of  the  LCLV. 
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Figure  IS.  Experimental  System  Used  to  Measure  Response  of  LCLV 
with  Green  Read  /llumination. 

(Published  with  permission  from  Janine  Reardon,  UAH  Center  for  Applied  Optics,  Huntsville, 
AL.) 


The  write  beam  path  consisted  of  a  X/4  plate,  iris,  steering  mirror,  two  189  mm  focal 
length  lenses,  neutral  density  holder  and  filters,  a  polarizing  beamsplitter,  rotatable  polarizer,  and  a 
silicon  photodetector.  A  189  mm  focal  length  lens  was  u^  to  image  the  iris  diaphragm  onto  the 

write  surface  of  the  SLM  via  beamsplitter  BS3.  The  Xy4  plate  was  oriented  for  optimum  beam 
reflection  at  BS3  onto  the  surface  of  Ae  SLM.  The  transmitted  beam  of  BS3  was  collimated  by  the 
second  189  mm  focal  length  lens  before  incidence  on  an  NRC  model  818-SL  photodetector. 
Polarizer  P3  was  oriented  to  assure  vertical  polarization  incident  on  the  write  surface  of  the  SLM. 
A  calibration  test  series  was  performed  to  determine  the  relationship  between  write  light  intensities 
measured  at  plane  D2  and  at  the  write  surface  of  the  LCLV.  The  LCLV  was  temporarily  replaced 
with  a  second  photodetector  and  the  output  of  the  two  photodetectors  was  recorded  fw  various 
neutral  density  filters  inserted  in  filter  holder  #2. 


24 


'['he  read  beam  path  consisted  of  two  rotatable  polarizers,  iris,  neutral  density  holder 
and  filters,  polarizing  beamsplitter,  two  lenses  (focal  lengths  of  178  and  3(X)  mm),  and  a  silicon 
photodetector.  Polarizer  PI  was  oriented  to  preferentially  pass  vertically  polarized  light.  The  iris 
diaphragm  was  imaged  by  lens  LRl,  a  178  mm  focal  length  biconvex  lens,  at  an  intermediate  plane 
between  lenses  LRl  and  LR2.  Lens  LR2,  a  300  mm  focal  length  biconvex,  was  utilized  to 
effectively  collimate  the  beam  incident  on  the  read  surface  of  the  SLM.  Upon  reflection  from  the 
read  surface  of  the  LCLV,  lenses  LR2  and  LRl  were  used  to  effectively  image  the  modulated  read 
beam  onto  the  photodetector  Dl.  Polarizer  P2  was  oriented  for  optimum  image  visibility  at 
detector  plane  DL  Optimum  visibility  was  determined  by  temporary  removal  of  detector  Dl  and 
using  a  250  mm  focal  length  lens  to  image  the  modulated  beam  on  a  CCD  located  at  the  CCD  plane 
shown  in  Figure  18.  The  neutral  density  filters  and  holder  in  the  read  beam  served  a  twofold 
purpose.  First,  the  filters  were  used  to  calibrate  the  amount  of  light  incident  on  the  read  surface  of 
the  SLM  with  respect  to  the  light  transmitted  by  BS2.  Secondly,  the  filters  were  used  to  calibrate 
the  amount  of  light  transmitted  by  BS2  with  respect  to  the  light  transversing  the  read  beam  path  and 
incident  on  detector  Dl  when  the  SLM  was  replaced  by  a  mirror.  Third,  the  filters  were  used  to 
attenuate  the  light  incident  on  the  read  surface  of  the  SLM. 

Initially,  the  iris  diaphragm  was  imaged  onto  the  write  surface  of  the  LCLV.  The  image 
of  the  iris  was  then  partially  block^  to  allow  for  a  half-bright  and  half-dark  image  written  to  the 
LCLV.  The  driving  waveform,  amplitude,  and  frequency,  as  well  as  the  orientation  of  the  analyzer 
P2  were  varied  until  an  image  of  optimal  visibility  was  observed  at  detector  plane  DL  The  silicon 
phoiodetector  located  in  this  plane  was  temporarily  removed  for  imaging  of  the  modulated  read 
beam  at  the  CCD  plane.  The  optimum  driving  signal  for  the  LCLV  was  again  determined  to  be  a 
1.92  KHz  sinusoid  with  an  amplitude  of  9.96  volts.  This  image  corresponded  to  a  write  light 
intensity  of  0.9  mW/cm^  incident  on  the  SLM.  The  driving  frequency  was  again  reduced  to  1.0 
KHz. 


The  silicon  photodetector  was  repositioned  at  plane  Dl  and  the  neutral  density  filters  of 
filter  holder  #2  varied  over  an  extended  range.  The  read  and  write  intensities  of  detector  Dl  and 
D2,  respectively,  were  recorded  as  the  write  light  incident  on  the  LCLV  was  altered.  The  resultant 
response  of  the  LCLV  modulated  read  beam  as  a  function  of  write  light  intensity  is  shown  in 
F  igure  19.  Data  was  also  taken  for  driving  frequencies  of  2  KHz  and  5  KHz.  Analyzer  P2  was 
adjusted  at  the  beginning  of  each  data  run  to  achieve  an  image  of  optimal  visibility  at  detector  Dl, 
and  thus  at  the  CCD  plane,  for  a  write  light  intensity  of  0.9  mW/cm^  incident  on  the  SLM.  The 
resulting  data  is  plotted  with  the  1  KHz  frequency  data  in  Figure  19. 

Next,  the  response  of  the  LCLV  was  measured  as  a  function  of  the  driving  amplitude. 
Again,  the  read  and  write  beam  intensities  were  recorded  as  the  write  light  incident  on  the  LCLV 
was  altered.  Initially,  the  LCLV  was  operated  with  a  1.92  KHz  10  V  sinusoidal  driving  signal. 
Analyzer  P2  was  oriented  for  optimum  image  visibility  at  an  incident  write  light  intensity  of  0.9 
mW/cm-.  Data  for  driving  amplitudes  of  8, 10,  and  12  V  are  shown  graphically  in  Figure  4.6. 
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Read  Light  Intensity  (microwatts/sq.  cm) 
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Figure  19.  Response  of  Hughes  LCLV  to  Driving  Frequency  for  Green  (5145  run) 

Write  and  Read  Beams 

(Published  with  permission  of  Janine  Reardon,  University  of  Alabama  in  Huntsville.) 
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Figure  20.  Response  of  Hughes  LCLV  to  Driving  Amplitude  for  Green  (5145  run) 

Write  and  Read  Beams 

(Published  with  permission  of  Janine  Reardon,  University  of  Alabama  in  Huntsville.) 
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V.  GEC-MARCONI  SLM  RESPONSE 


The  experimental  system  shown  in  Figure  21  was  used  to  measure  the  response  of  an 
optically  addressed  SLM  from  GEC-Marconi  as  a  function  of  write  light  intensity  for  various 

driving  waveforms  and  amplitudes  while  maintaining  a  fixed  spectral  addressing  of  red  (X=632.8 

nm)  read  beam  and  a  green  (X=514.5  nm)  write  beam.  Tliis  system  is  similar  to  the  one  discussed 
in  Section  IV  for  the  Hughes  LCLV.  A  Spectra-Physics  mc^el  124B  HeNe  laser  was  spatially 
filtered  and  collimated  using  standard  laboratory  techniques.  A  polarizer  was  used,  as  discussed  in 
Section  IV,  to  selectively  address  the  read  surface  of  the  GEC-Marconi  SLM  with  vertically 
polarized  light  via  a  nonpolarizing  beam*  ’itter.  Polarizer  P3  was  used  as  an  analyzer  of  the 
modulated  read  beam  to  observe  an  optimal  amplitude  modulated  image  at  detector  plane  D2  via 
lens  L3.  L3  was  biconvex  lens  with  a  focal  length  of  254  mm  and  detector  D2  was  a  Newport 
Research  Corporation  (NRC)  model  81  SSL  silicon  photodetector  mated  to  an  NRC  model  835 
power  meter.  The  neutral  density  filters  in  the  read  beam  were  used  to  attenuate  the  light  incident 
on  the  read  surface  of  the  GEC-Marconi  SLM.  The  light  incident  upon  this  surface  was  measured 

to  be  approximately  8  pW/cm^.  The  write  beam  to  the  SLM  was  constructed  from  a  Spectra- 
Physics  model  2020  argon  ion  laser  source.  Polarizer  PI  was  used  to  preferentially  address  the 
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Figure  21 .  Experimental  System  Used  to  Measure  Response  of  GEM -Marconi  SLM 

with  Red  Read  Illumination 
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write  surface  of  the  SLM  with  vertically  polarized  light  via  a  nonpolarizing  beamsplitter.  A 
variable  beamsplilter/attenuator  was  inserted  in  the  write  beam  prior  to  the  nonpolarizing 
beamsplitter  to  provide  a  means  of  varying  the  write  light  intensity  incident  on  the  write  surface  of 
the  SLM  and  the  reference  write  beam  photodetector  Dl.  Detector  D1  was  a  NRC  model  818SL 
silicon  photodetector  mated  to  a  NRC  model  815  power  meter. 

Initially,  a  USAF  re.solution  transparency  was  imaged  onto  the  write  surface  of  the  SLM  via 
lens  L2,  a  compound  imaging  lens  with  an  effective  focal  length  of  50  mm.  The  driving  waveform, 
amplitude,  and  frequency,  as  well  as  the  orientation  of  the  analyzer  P3,  were  varied  until  an  image 
of  optimal  visibility  was  observed  at  detector  plane  D2.  The  silicon  photodetector/power  meter 
located  in  this  plane  was  temporarily  replaced  with  a  CCD  camera  to  observe  the  modulated  read 
beam  image.  Tlie  optimum  driving  signal  for  the  GEC-Marconi  SLM  was  determined  to  be  a  1.1 
KHz  sinusoid  with  an  amplitude  of  3.1  volts.  This  image  corresponded  to  a  write  light  intensity  of 

3(K)  pW/cm^  incident  on  the  SLM. 

The  silicon  photodetector  was  repositioned  at  plane  D2  and  the  variable  attenuator  rotated 
over  an  extended  range.  The  read  and  write  intensities  of  detector  D2  and  Dl,  respectively,  were 
recorded  as  the  write  light  incident  on  the  GEC-Marconi  SLM  was  altered.  The  resultant  response 
of  the  SLM's  modulated  read  beam  as  a  function  of  write  light  intensity  is  shown  in  Figure  22. 
Data  was  also  measured  for  driving  voltages  of  2.6  V  and  3.6  V.  Analyzer  P3  was  adjusted  at  the 
beginning  of  each  data  run  to  achieve  an  image  of  optimal  visibility  at  detector  D2  for  a  write  light 

intensity  of  300  pW/cm^  incident  on  the  SLM.  The  resulting  data  is  plotted  with  the  3.1  V 
amplitude  data  in  Figure  22. 

Next,  the  respon.se  of  the  GEC-Marconi  SLM  was  measured  as  a  function  of  the  driving 
frequency.  Again,  the  read  and  write  beam  intensities  were  recorded  as  the  write  light  incident  on 
the  SLM  was  altered.  Initially,  the  SLM  was  operated  with  a  1.0  KHz  3.1  V  sinusoidal  driving 
signal.  Analyzer  P3  was  oriented  for  optimum  image  visibility  at  an  incident  write  light  intensity  of 

3(X)  pW/cm2 .  Data  runs  for  driving  frequencies  of  1,  2,  and  0.5  KHz  are  shown  graphically  in 
Figure  23. 

The  data  presented  in  Figures  22  and  23  were  taken  from  the  least  amount  of  write  light 
incident  on  the  SLM  to  the  most  intense  amount  of  light.  Concern  was  expressed  that  the  SLM 
may  respond  differently  to  the  write  light  intensity  if  this  sequence  was  reversed  -  from  the  most  to 
least  intense  write  light  incident  on  the  GEC-Marconi  SLM.  The  SLM  was  tuned  for  optimal 
image  visibility  with  a  1 . 1  KHz,  3. 1  V  amplitude  sine  wave  with  an  incident  write  light  intensity  of 

3(K)  pW/cm^.  Two  data  runs  were  performed  with  this  driving  waveform.  Initially,  the  variable 
beamsplitter/attenuator  was  adjusted  from  the  least  to  most  intense  write  light  incident  on  the  SLM 
write  surface  while  the  modulated  read  beam  intensity  from  detector  D2  was  recorded.  Then  the 
attenuator  was  adjusted  from  the  most  to  least  intense  write  beam  incident  on  the  SLM  while  the 
intensity  of  the  modulated  read  beam  was  recorded.  These  two  data  runs  are  depicted  graphically  in 
Figure  24.  As  shown  by  Figure  24,  the  GEC-Marconi  SLM  did  not  respond  differently  regardless 
of  the  order  in  which  the  write  light  intensity  was  varied. 
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Figure  22.  Response  of  GEC-Marconi  SIM  to  Driving  Amplitude  with  Optimization  of 

Visibility  Per  Amplitude 
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0.5  KHz  case: 

Ir  =  0.297  {  1  -  exp  (^)}  +  0.225 
1.0  KHz  case: 

Ir  =  0.272  +0.133 

2.0  KHz  case: 

Ir  =  0.226  {  l  -exp(^)}  +«  «5’ 
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Figure  23.  Response  of  GEC -Marconi  SLM  to  Driving  Frequency  with  Optimization  of 

Visibility  Per  Frequency 


31 


Any  nonlinear  response  of  the  two  i)hoto(Jetectors  ])]  and  D2  could  have  negated  the 
nonlinearity  shown  in  F^igiires  22  -24.  The  SI.M  was  removed  from  the  system  and  neutral  density 
filters  inserted  in  the  SLM  location.  These  filters  were  u.scd  to  attenuate  the  transmitted  write  beam 
to  an  intensity  level  comparable  to  the  STM's  modulated  read  beam  that  was  normally  incident  on 
detector  D2.  The  attenuator  in  the  write  team  was  adjusted  over  the  range  of  write  light  intensities 
used  to  collect  the  data  of  Figures  22-24  and  detectors  D1  and  D2  readings  were  recorded.  The 
resulting  data  is  depicted  in  I-igure  25.  The  response  of  the  detectors  with  respect  to  each  other  is 
appro.vimately  linear  over  the  range  of  light  intensities  used  in  the  above  analy.sis  with  the  GEC- 
Marconi  SLM. 

The  SLM  was  then  reinserted  in  the  experimental  system  depicted  in  Figure  21.  The 
modultited  read  beam  image  visibility  was  optimized  by  rotation  or  analyzer  P3  while  the  modulator 

was  addressed  with  a  3(K)  |iW/cm2  write  light  intensity  and  driven  by  a  1.1  KHz,  3.1  V  amplitude 
sine  wave.  The  optimum  visibility  was  qualitatively  determined  by  insertion  of  a  USAF  re.solution 
chart  in  the  write  beam  and  viewing  the  mcxlulated  read  team  by  temporarily  replacing  detector  D2 
with  a  CCD  camera.  Thereafter,  the  USAF  chart  was  removed  and  the  camera  replaced  w'ith 
detector  D2.  The  visibility  was  calculated  by  recording  the  readings  of  detector  D2  with  the  write 
beam  blocked  and  unblocked.  I’he  background  or  zero  of  D2  was  determined  by  temporarily 
blocking  the  detector  and  recording  the  reading.  Optimum  visibility  by  this  method  was  calculated 

I.O  KHz  case  (run  #1): 

Ip:.  0.294  {  1  -  exp  (^1^-)}  +0.080 

1.0  KHz  ca.se  (run  #2): 

lr  =  0.288  {  l-exp(~|Y-)}  +0-0797 


n  1  KHz 

•  1  KHz  (run  #2) 
curve  nt  (run  tfl) 
curve  m  (lun  #2) 


Figure  2-1.  Response  of  GF.C-Marconi  SI.M  to  Order  of  Write  Li.qht  Intensity  Addressinfi 
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Figure  25.  Response  of  Photodetectors  with  Respect  to  Each  Other 


to  be  ().6().  Data  of  read  and  write  beam  intensities  were  recorded  as  the  attenuation  in  the  write 
beam  was  changed.  The  resulting  data  is  shown  in  Figure  26. 

The  response  of  the  modulated  read  beam  was  also  recorded  as  a  function  of  write  light 
intensity  for  frequencies  of  0.5  and  2  KHz.  The  output  analyzer  was  not  adjusted  to  obtain  an 

optimum  image  visibility  for  300  pW/cm^  incident  write  light  for  each  of  these  frequencies. 
Instead,  the  visibility  was  measured  as  described  above  for  the  analyzer  orientation  that  was 
determined  to  be  optimum  for  the  initial  1.1  KHz,  3.1  V  sine  wave  for  each  of  these  frequencies. 
Visibility  was  determined  to  be  0.53  and  0.63  for  the  0.5  and  2  KHz  frequencies  of  SLM 
operation,  respectively.  The  response  of  the  modulated  read  beam  as  a  function  of  write  light 
intensity  was  measured  and  the  results  are  graphed  in  Figure  26. 

Next,  the  driving  waveforms  amplitude  was  varied  and  the  resjwnse  of  the  read  beam,  as  a 
function  of  write  light  intensity,  was  recorded  for  the  GEC-Marconi  SLM.  Again,  the  output 
analyzer  P3  was  not  adjusted  between  variations  of  the  driving  amplitude.  The  response  of  the  read 
beam  as  a  function  of  write  light  intensity  was  measured  for  2.6  V  and  3.6  V  amplitudes  of  the  1.1 
KHz  sine  wave  in  addition  to  the  initial  3.1  V  amplitude.  The  visibility  was  calculated  by  the 
methods  discussed  above  for  each  of  these  driving  amplitudes  while  utilizing  an  incident  write  light 

of  3()0  pW/cm^  on  the  SLM  surface.  These  visibilities  corresponded  to  0.69  and  0.51  for  the  2.6 
and  3.6  V  amplitudes,  respectively.  The  resultant  response  of  the  GEC-Marconi  SLM  to  variations 
in  write  light  intensities  and  driving  waveform  amplitudes  is  depicted  graphically  in  Figure  27. 
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Figure  26.  Response  of  GEC-Marconi  SLM  to  Driving  Frequency  wiA  Optimization 

of  Visibility  at  1. 1  KHz. 
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Figure  27.  Response  of  GEC -Marconi  SLM  to  Driving  Amplitude  with  Optimization 

of  Visibility  at  3.1  V 
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VI.  FLC  SLM  RESPONSE 


The  experimental  system  shown  in  Figure  28  was  used  to  measure  the  response  of  an 
optically  addressed  FLC  SLM  from  the  University  of  Colorado- Boulder  as  a  function  of  write  light 
intensity  for  various  driving  waveforms  and  amplitudes  while  maintaining  a  fixed  spectral 

addressing  of  red  (X=632.8  nm)  read  beam  and  a  green  (X.=514.5  nm)  write  beam.  This  system  is 
similar  to  the  ones  discussed  in  Section  IV  for  the  Hughes  LCLV  and  Section  5  for  the  GEC- 
Marconi  SLM.  A  Spectra-Physics  model  124B  HeNe  laser  was  spatially  filtered  and  collimated 
using  standard  laboratory  techniques.  A  polarizer  was  then  used  to  selectively  address  the  read 
surface  of  the  FLC  SLM  with  vertically  polarized  light  via  a  nonpolarizing  beamsplitter.  Polarizer 
P3  was  used  as  an  analyzer  of  the  modulated  read  beam  to  observe  an  optimum  amplitude 
modulated  image  at  detector  plane  D2  via  lens  L3.  L3  was  biconvex  lens  with  a  focal  length  of  254 
mm  and  detector  D2  was  a  Newport  Research  Corporation  (NRC)  model  818SL  silicon 
photodetector  mated  to  an  NRC  model  835  power  meter.  The  neutral  density  filters  in  the  read 
beam  were  used  to  attenuate  the  light  incident  on  the  read  surface  of  the  FLC  SLM.  The  light 

incident  upon  this  surface  was  measured  to  be  approximately  8  pW/cm^.  The  write  beam  to  the 
SLM  was  constructed  from  a  Spectra-Physics  m^el  2020  argon  ion  laser  source.  Polarizer  PI 
was  used  to  preferentially  address  the  write  surface  of  the  SLM  with  vertically  polarized  light  via  a 
nonpolarizing  beamsplitter.  A  variable  beamsplitter/attenuator  was  inserted  in  the  write  beam  prior 
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Figure  28.  Experimental  System  Used  to  Measure  Response  of  FLC  SLM 

with  Red  Read  Illumination 
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to  the  nonpolarizing  beamsplitter  to  provide  a  means  of  varying  the  write  light  intensity  incident  on 
the  write  surface  of  the  SLM  and  the  reference  write  beam  photodetector  Dl.  Detector  D1  was  an 
NRC  model  81  SSL  silicon  photodetector  mated  to  an  NRC  model  815  power  meter. 

Initially,  a  USAF  resolution  transparency  was  imaged  onto  the  write  surface  of  the  SLM 
via  lens  L2,  a  compound  imaging  lens  with  an  effective  focal  length  of  50  mm.  The  driving 
waveform,  amplitude,  and  frequency,  as  well  as  the  orientation  of  the  analyzer  P3  were  varied  until 
an  image  of  optimum  visibility  was  observed  at  detector  plane  D2.  The  silicon 
photcKletecior/power  meter  located  in  this  plane  was  temporarily  replaced  with  a  CCD  camera  to 
observe  the  modulated  read  beam  image.  TTie  optimum  driving  signal  for  the  optically  addressed 
FLC  SLM  was  determined  to  be  a  1 .0  KHz  square  wave  with  a  peak-to-peak  voltage  of  24  V  and  a 

DC  of  fset  of  -2  V.  This  image  corresponded  to  a  write  light  intensity  of  300  |i,W/cm2  incident  on 
the  SLM.  The  visibility  of  the  image  was  measured  by  repositioning  the  silicon  photodetector  at 
plane  D2  and  recording  the  relative  intensity  of  the  modulated  read  beam  as  the  write  beam  was 
blocked  and  unblocked  from  addressing  the  write  surface  of  the  FLC  SLM.  The  visibility  was 
determined  to  be  0.72. 

The  variable  attenuator  was  then  rotated  over  an  extended  range.  The  read  and  write 
intensities  of  detector  D2  and  Dl,  respectively,  were  recorded  as  the  write  light  incident  on  the 
FLC  SLM  was  altered.  The  resultant  resptonse  of  the  SLM's  modulated  read  beam  as  a  function  of 
write  light  intensity  for  the  optimum  driving  waveform  discussed  above  is  shown  in  Figure  29. 
Data  was  also  recorded  over  an  extended  driving  waveform  amplitude  range.  This  data  was 
collected  for  peak-to-peak  voltages  from  21  to  24  V  in  one  volt  increments  while  maintaining  the 
DC  offset  of  -2  V.  Analyzer  P3  was  adjusted  at  the  beginning  of  each  data  run  to  achieve  an  image 

of  optimum  visibility  at  detector  D2  for  a  write  light  intensity  of  300  pW/cm^  incident  on  the  SLM. 
The  resulting  data  is  plotted  along  with  the  24  Vp.p  data  above  in  Figure  30. 

Next,  the  respon.se  of  the  FLC  SLM  was  measured  as  a  function  of  the  driving  frequency. 
The  read  and  write  beam  intensities  were  observed  as  the  write  light  incident  on  the  SLM  was 
altered.  Initially,  the  FLC  was  driven  with  the  optimum  driving  waveform  discussed  above. 
Analyzer  P3  was  oriented  for  optimum  image  visibility  at  an  incident  write  light  intensity  of  300 

pW/cm2.  The  response  of  the  FLC  SLM  did  not  vary  with  driving  frequencies  from  500  Hz  to  5 
Kllz.  'fhe  driving  waveform  voltage  was  then  detuned  to  22  Vp.p  and  the  response  as  a  function 
of  frequency  was  observed.  Again,  the  variation  in  frequency  did  not  significantly  alter  the 
response  of  the  FLC  SLM. 

The  above  data  corresponds  to  operation  of  the  FLC  SLM  in  an  amplitude  modulating  or 
maximum  contrast’  mode.  Data  was  also  collected  when  the  FLC  SL-M  was  operated  in  a  binary 
phase  or  'phase-only'  mode.  This  'phase-only'  mode  was  determined  by  imaging  the  USAF 
resolution  chart  onto  the  write  surface  of  the  FLC  SLM  and  adjusting  polarizer  P3  until  ideally  no 
apparent  contrast  in  the  modulated  read  beam  image  was  evident  at  detector  D2.  Although  the 
contrast  of  the  read  beam  was  minimized,  some  amplitude  modulation  was  evident  the  read 
beam.  This  state  occurred  at  the  mid-point  between  maximum  contrast  and  maximum  reverse 
contrast  states.  The  chart  was  then  removed  and  the  read  and  write  beam  intensities  were  recorded 
for  various  write  beam  intensities  at  the  optimal  driving  signal.  The  results  are  shown  in  Figure 
31. 


37 


24  Vp-p  case: 
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22  Vp-p  case: 
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r2  =0.996 
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Figure  30.  FLC  SLM  Response  as  a  Function  of  Voltage 
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Figure  3 1 .  Binary  Phase  Operation  FLC  SLM  Response 
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VII.  SLM  EQUIVALENT  CIRCUIT  MODELS 


ITie  data  representing  the  behavior  of  several  SLMs  presented  in  the  preceding  sections  may 
be  best  understood  by  analyzing  their  equivalent  electrical  circuit  models.  The  models  presented 
have  been  previously  discussed  in  the  literature  124-27).  However,  the  analysis  of  these  equivalent 
circuits  for  the  behavior  described  in  Sections  IV-VI  is  unique. 

A.  Hughes  Liquid  Crystal  Light  Valve  (LCLV) 

The  electrical  circuit  models  for  the  Hughes  LCLV,  as  well  as  the  GEC -Marconi  SLM 
and  the  FLC  SLM,  are  essentially  composed  of  two  parallel  RC  circuits.  One  parallel  RC  circuit  is 
used  to  model  the  behavior  of  the  liquid  crystal  material  -  either  twisted  nematic  or  ferroelectric. 
The  seeond  parallel  RC  circuit,  in  conjunction  with  a  diode,  is  used  to  model  the  behavior  of  the 
photosensor.  Following  Grinberg  [28],  the  operation  of  the  Hughes  LCLV  may  best  be 
understood  by  first  discussing  an  idealistic  equivalent  circuit  for  the  LCLV  photosensor,  the  CdTe 
light  blocking  layer,  and  the  dielectric  mirror.  This  simple  circuit  consists  of  a  diode  in  series  with 
a  capacitor.  The  diode  represents  the  junction  formed  between  the  CdS  photosensor  and  the  CdTe 
layer,  and  the  capacitor  represents  the  capacitance  of  the  dielectric  mirror.  For  completeness,  the 
dielectric  mirror  may  also  be  modelled  as  a  parallel  RC  circuit.  However,  the  resistance  of  the 
dielectric  mirror  is  high  for  most  practical  mirror  constructions  and  can  thus  be  ignored.  The 
equivalent  circuit  for  the  CdS/CdTe  layers  and  dielectric  mirror  is  shown  in  Figure  32(a)  for  the 
case  of  no  input  (write  light)  illumination.  When  an  ac  voltage  is  applied  to  this  circuit,  the 
capacitor  will  be  charged  during  the  first  cycle  to  the  negative  peak  voltage,  depicted  as  -Vp.  This 
voltage  then  serves  as  a  reverse  bias  voltage  on  the  diode  for  all  values  of  the  ac  voltage.  Assuming 
ideal  diode  behavior  (i.e.,  infinite  back  resistance  for  the  diode),  the  steady  state  current  flow  in 
this  circuit  is  then  zero,  regardless  of  the  driving  waveforms  characteristics  (amplitude,  frequency, 
and  waveform,  if  periodic).  Figure  32(b)  represented  the  equivalent  circuit  for  the  CdS/CdTe 
layers  and  dielectric  mirror  when  input  illumination  is  present.  The  photons  of  the  incident  light 
inirtxluces  a  leakage  resistance  across  the  diode.  This  resistance  discharges  the  capacitor  during 
the  reverse  bias  cycle  of  the  diode.  The  approximate  waveform  response  is  shown  in  Figure  32(c). 
If  the  operating  frequency  is  slow  enough  or  the  current  high  enough,  the  liquid  crystal  material 
will  be  driven  above  its  electro-optic  threshold  by  the  field  developed  across  it. 

The  more  realistic  circuit  model  for  the  Hughes  LCLV  is  shown  in  Figure  33.  In  this 
circuit,  R|j.  and  Cjc  represent  the  resistance  and  capacitance  of  the  twisted  nematic  liquid  crystal, 
C,„  represents  the  capacitance  of  the  dielectric  minor,  Rf(j,  Rfd+Rbd>  represent  the  forward 

resistance,  reverse  resistance,  and  capacitance  of  the  photodiode  representing  the  CdS/CdTe  layer. 
The  leakage  resistance  of  the  dielectric  mirror,  R^,  is  usually  high  and  has  been  neglected  in  this 
circuit  model.  The  equivalent  circuit  shown  will  pass  current  whether  the  photosensor  is 
illuminated  or  not.  However,  the  illumination  decreases  the  values  of  Rfj  and  R^j.  As  a  result,  the 
current  flow  in  the  illuminated  region  is  greater  than  the  nonilluminated  regions  of  the  photosensor. 
This  difference  in  current  flow  provides  a  method  of  controlling  the  electro-optic  effect  of  the 
nematic  liquid  crystal  with  the  photosensor.  The  CdS/CdTe  layer,  in  conjunction  with  the  dielectric 
mirror,  is  designed  so  that  the  current  flow  in  the  nonilluminated  region  is  less  than  the  liquid 
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MIRROR  CRYSTAL 


Figure  33.  Circuit  Model  for  Hughes  LCLV 


crystal's  threshold  while  the  current  flow  in  the  illuminated  region  is  greater  than  the  liquid 
crystal's  threshold  level.  The  electro-optic  effects  of  the  liquid  crystal  material  in  a  90  degree 
twisted  cell  configuration  was  discussed  in  Section  11  and  will  not  be  restated  here. 

The  response  time  data  of  the  Hughes  LCLV,  given  in  Section  111,  verifies  the  depiction 
of  the  twisted  nematic  liquid  crystal  material  as  a  simple  parallel  RC  circuit.  When  the  illumination 
is  temiinated,  the  response  of  the  LCLV  decays  in  a  manner  ctmsistent  with  the  discharge  of  an  RC 
filter,  and  the  response  of  the  LCLV  is  characteristic  of  the  charging  time  of  an  RC  filter  when  the 
photosensor  is  illuminated. 

The  response  of  the  LCLV  modulated  read  beam  to  variations  in  write  light  intensity 
was  given  in  Section  IV.  This  behavior  was  measured  as  a  function  of  frequency  and  amplitude  of 
the  driving  waveform.  The  response  of  the  LCLV  maintained  similar  characteristic  shapes  for 
various  driving  frequencies.  This  response  can  best  be  explained  by  an  analysis  using  the  circuit 
model  of  Figure  33.  For  a  given  driving  waveform  frequency,  the  resistance  of  the  photodiode  is 
decreased  for  increasing  write  light  intensities.  This  results  in  more  current  flowing  through  the 
photosensor,  and  consequently  the  liquid  crystal  layer.  The  field  across  tlie  complete  device 
remains  constant.  Therefore  as  the  photodiode  passes  more  current  to  the  liquid  crystal  layer,  a 
larger  amount  of  voltage  is  dropped  across  it.  This  increase  in  voltage  across  the  liquid  crystal 
layer  results  in  a  more  complete  reorientation  of  the  elongated  liquid  crystal  naolecules  normal  to  the 
electrode  surface.  If  all  the  molecules  were  to  become  normal  to  the  electrode  surfaces,  a  dark  on- 
state  would  occur  with  the  crossed  polarizer/analyzer  pair  because  the  polarization  of  the  light 
would  not  be  altered  by  the  liquid  crystals  due  to  their  molecular  orientation.  However,  a  voltage 
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regime  exists  where  the  LCLV  transmits  light  between  the  "full-on"  and  "full-off  states.  The 
optical  birefringence  of  the  molecules  affects  the  polarization  of  the  light  between  the  parallel  and 
perpendicular  orientations  of  the  molecules  with  respect  to  the  electrode  surfaces.  As  a  result,  the 
light  that  emerges  from  the  LCLV  at  these  intermediate  voltage  levels  (across  the  liquid  crystal)  is 
no  longer  linearly  polarized,  so  that  some  transmission  through  the  analyzer  may  occur.  The 
amount  of  light  transmitted  is  a  function  of  the  amount  of  voltage  dropped  across  the  liquid  crystal 
layer;  however,  the  voltage  dropped  across  the  liquid  crystal  is  not  linear  with  respect  to  the  input 
write  illumination  due  to  the  characteristics  of  the  photodiode.  The  ideal  response  of  a  diode  is 
shown  in  Figure  34,  along  with  the  typical  response  of  Ge  and  Si  diodes  [29].  The  amount  of 
current  passed  by  the  diode  configuration  is  nonlinear  with  respect  to  the  input  illumination.  This 
nonlinearity  was  observed  in  the  response  behaviors  detailed  in  Sections  IV-  VI.  However,  there 
exists  an  illumination  regime  where  the  diode  essentially  pa.sses  any  further  increases  in  current 


FORWARD  CURRENT, 

If  (mA) 

Real  diodes 


REVERSE  CURRENT, 


Figure  .14.  Typical  I-V  Characteristic  Curve  for  Diodes 

(Reference.  A.  James  Diefenderfer,  Principles  of  Electronic  Instrumentation.  2nd  Fxi..  Saunders 
Publishing  Co.,  Philadelphia,  PA  (1979),  pg.  1 15.) 
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without  loss  to  the  liquid  ct7stal  layer.  The  liquid  crystal  molecules  have  reached  an  optimum 
orientation  by  the  time  this  effect  occurs  and  thus  any  additional  voltage  drop  across  the  liquid 
crystal  layer  does  not  significantly  alter  the  molecular  orientation  due  to  their  physical  constraint 
within  the  cell.  This  regime  results  in  a  saturated  response  of  the  modulated  read  beam.  Any 
increase  in  write  light  illumination  does  not  alter  the  modulated  read  beam  response.  The  data 
shown  in  Figure  16  supports  the  above  arguments.  As  the  frequency  of  the  driving  waveform  is 
altered,  the  impedance,  and  thus  the  response,  of  the  LCLV  is  not  significantly  altered. 

Figure  17  shows  the  response  of  the  IXXV  to  variation  in  write  light  intensity  for 
discrete  driving  waveform  amplitudes.  The  above  arguments  support  this  data  with  the  following 
tidditional  explanation.  The  saturated  response  of  the  liquid  crystal  layer  is  dependent  on  the 
voltage  dropped  across  the  entire  device.  As  the  overall  voltage  is  decreas^,  the  amount  of  voltage 
dropped  across  the  liquid  crystal  layer  is  also  decreased.  The  voltage  dropped  across  the 
photoditxle  arrangement  essentially  remains  constant  for  given  write  light  intensities  regardless  of 
the  field  across  the  entire  device.  Therefore,  the  amount  of  voltage  dropped  across  the  liquid  crystal 
is  decreased  as  the  overall  driving  waveform  amplitude  is  decreased.  For  decreasing  voltages 
across  the  liquid  crystal,  the  molecular  tilt  is  reduced  from  the  homeotropic  alignment  that  would 
ideally  result  in  a  dark  on-state.  The  molecules  .still  reach  a  saturated  level  of  operation  where  any 
additional  write  light  illumination  results  in  slightly  more  voltage  being  dropp^  across  the  liquid 
crystal  as  opposed  to  the  photosensor.  However,  this  additional  voltage  is  not  enough  to 
overcome  the  molecular  forces  that  confine  the  molecules  to  their  physically  constrained  cell. 
Therefore,  for  a  given  driving  waveform  amplitude,  a  saturated  region  of  liquid  crystal  modulation 
is  still  observed.  Furthemiore,  the  amount  of  voltage  dropped  across  the  liquid  crystal  is  decreased 
as  the  device’s  driving  amplitude  is  decreased.  ITiis  decreased  voltage  drop  results  in  saturation  of 
the  modulated  read  beam.  Furthermore,  the  slope  of  the  response  approaching  the  saturated  regime 
is  less  for  decreased  driving  amplitudes. 

B.  GFC-Marconi  SFM 

The  response  of  the  GEC-Marconi  SLM  was  detailed  in  Section  V.  Essentially,  the 
GF.C-Marconi  SLM  equivalent  circuit  and  behavior  may  be  explained  by  the  same  arguments 
presented  above  for  the  Hughes  LCLV.  The  key  difference  between  the  Hughes  LCLV  and  GEC- 
Marconi  SLM  is  the  material  used  for  the  photodiode.  The  GEC-Marconi  SLM  utilized 
hydrogenated  amorphous  silicon  for  the  photosensor,  whereas  the  Hughes  LCLV  utilized  cadmium 
sulfide.  Both  SLMs  utilized  a  twisted  nematic  liquid  crystal  structure.  The  arguments  presented 
above  for  the  Hughes  LCLV  are  equally  valid  for  the  GEC-Marconi  SLM.  The  response  of  the 
GFC-Marconi  SLM  to  variations  in  driving  waveform  frequency  and  amplitude  is  similar  to  the 
Hughes  LCLV.  TTie  GEC-Marconi  response  time  measurements,  presented  in  Section  III,  verify 
the  tncxlelling  of  the  liquid  crystal  layer  as  a  parallel  RC  circuit.  The  decay  and  rise  times  are 
characteristic  of  an  RC  circuit  being  capacitively  discharged  and  charged.  The  GEC-Marconi  SLM 
appears  to  have  a  response  to  write  light  illumination  which  is  not  independent  of  the  driving 
wavefonn  frequency.  This  characteristic  may  be  explained  by  the  presence  of  circuit  impedance 
changes,  specifically  the  capacitance  effects  of  the  amorphous  silicon  photodiode.  Again,  the 
nematic  liquid  crystal  is  believed  to  have  more  voltage  dropped  across  it  as  the  write  light 
illumination  is  increased.  This  results  in  an  increase  in  the  modulated  read  beam  output  until 
saturation,  where  the  molecules  have  become  physically  constrained  by  the  cell  and  an  exorbitant 
amount  of  voltage  would  be  necessary  to  cause  any  funher  tilt  of  the  molecules.  Therefore,  the 
molecules  have  reached  a  maximum  angle  of  tilt  and  any  further  voltage  applied  across  the  cell  will 
not  alter  the  modulated  read  beam  output. 
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C.  Optitally-Addressed  Ferroelectric  Liquid  Crystal  SLM 


Figure  35  depicts  an  equivalent  electrical  circuit  for  an  optically  addressed  FLC  SLM 
1 3()|.  The  circuit  is  similar  to  the  one  developed  for  the  optically  addressed  twisted  nematic  liquid 
crystal  (TNLC)  SLMs,  such  as  Hughes  LCLV  and  th  GEC-Mari  jni  SLM.  However,  the  a.nalysis 
is  different  because  the  TNLC  SLMs  are  driver,  with  ac  voltages  having  frequencies  greater  than 

on  125].  The  response  of  a  TNLC  to  an  applied  electric  field  is  usually  fast  compared  to 
the  relaxation  time,  back  to  the  state  of  uniform  twist  (90  degree  twist  for  the  Hughes  LCLV  and 
the  GEC-Marconi  SLM).  Beyond  the  threshold  voltage,  the  applied  field  induces  a  dielectric 
polanzation  which  is  proportional  to  the  field,  and  a  torque  which  is  proportional  to  the  square  of 
the  ap))lied  field.  The  direction  of  the  torque  is  independent  of  the  polarity  of  the  electric  field 
because  of  the  field-squared  dependence.  TNLCs  are  typically  driven  with  an  ac  electric  field  to 
avoid  the  buildup  of  diffused  charge  at  the  intjerfaces.  This  applied  ac  field  is  of  a  frequency 
greater  than  the  reciprocal  of  the  response  time.  When  this  field  is  temiinated,  the  liquid  crystal 
relaxes  to  its  uniform  twisted  state  'th  a  relaxation  time  of 


’^relaxation” 


Tld^ 

rt^K 


(2) 


where  q  is  the  viscosity,  d  is  the  liquid  crystal  thickness,  and  K  is  an  elastic  constant  (31 1. 
Relaxation  times  for  ceils  2-5  micr.  s  thick  are  typically  on  the  order  of  1-5  millisecoi'ds. 

Before  discussion  of  the  equivalent  circuit  shown  in  Figure  35,  the  ideal  response  of  an 
optically  addressed  FLC  SLM  should  prove  insightful.  In  the  ideal  case  the  FLC  SLM  circuit  may 
be  viewed  as  a  photodiode  in  series  with  a  capacitor.  The  photodiode  and  capacitor  represent  the 
photosen.sor  and  the  FLC,  respectively  f30|.  A  periodic  waveform  such  as  a  square  wave  may  be 
applied  to  this  circuit  at  the  photosensor,  with  the  liquid  crystal  being  grounded.  When  a  positive 
voltage  is  applied,  the  photodiode  becomes  forward  bias^  and  all  the  voltage  drops  across  the 
FLC.  This  condition  switches  the  FLC  to  an  off  state.  The  write  light  illumination  does  not  affect 
the  state  of  the  liquid  crystal  during  the  forward  biasing  of  the  diode.  The  photodiode  is  reverse 
biased  by  the  application  of  a  negative  voltage.  During  reverse  bias,  the  current  flow  is  blocked  so 
that  the  voltage  across  the  FLC  remains  unchanged.  However,  current  flows  when  write  li;;ht 
illuminates  the  photodiode,  thus  charging  the  FLC  to  a  negative  voltage  and  turning  it  on.  This 
negative  voltage  is  maintained  across  the  FLC  until  the  drive  voltage  becomes  positive  again, 
which  switches  the  liquid  crystal  off. 

The  real  components  of  the  optically  addressed  FLC  SLM  are  not  as  simple  as  diodes 
and  capacitors;  therefore,  the  response  is  not  ideal  and  a  more  equivalent  circuit  model  must  be 
developed.  The  parallel  RC  circuit  shown  in  the  lower  section  of  Figure  35  represents  the  surface 

stabilized  FLC.  The  parallel  resistance  (Rfic)  is  typically  large,  greater  than  20  MQ-cm^,  so  that  it 
may  be  ignored  in  most  analyses.  The  capacitance  of  the  FLC  is  composed  of  two  components; 
One  is  a  physical  cell  geometry  component  and  the  second  is  a  component  from  the  rotation  of  the 
liquid  crysti  molecules.  The  total  capacitance  is  given  as;  [30] 

(31 
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where  q,  is  the  free-.space  permittivity,  Eflc  is  the  relative  permittivity  of  a  surface  stabilized  FLC,  d 

is  the  FLC  cell  thickness,  P  is  the  ferroelectric  polarization,  and  AVi^  is  the  change  in  voltage 
across  the  FLC.  The  first  term  is  due  to  cell  geometry  and  the  second  term  is  the  component  due  to 


rotation  of  the  molecules.  The  second  component  is  proportional  to  the  ferroelectric  polarization,  P, 
such  that  a  charge  of  2P  is  switched  when  the  molecules  are  rotated.  For  most  commercially 
available  Smectic  C  FLCs,  the  second  component  of  equation  (3)  is  the  dominant  factor. 
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Figure  35.  Circuit  Model  of  a  FLC  SLM 


The  photosensor  is  represented  in  the  upper  section  of  Figure  35.  The  capacitance  of  the 
photodiode  is  dominated  by  a  geometric  component  defined  as  [30]: 


Cs.  =  ^-^ 

dsi 


(4) 


where  Esj  is  the  relative  permittivity  of  amorphous  silicon  and  d^j  is  the  thickness.  Rg  is  the  series 
resistance  resulting  from  the  electrode  sheet  resistance  and  the  a-Si:H  bulk  resistance,  and  is 
the  shunt  resistance.  The  1-V  characteristics  of  the  photodiodes  are  shown  in  Figure  36  for  two 
photcxliodes  under  illumination  and  in  the  dark,  respectively  [32].  Rg  increases  greatly  as  the 
thickness  of  the  a-Si:H  increases  and  Rgj,  is  a  function  of  the  quality  of  the  blocking  contacts.  For 
indium  tin  oxide/a-Si:H  barriers,  it  is  sufficiently  high  at  room  temperatures  [33].  The  equivalent 
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circuit  assumes  no  dielectric  mirror  or  reflector  in  the  SLM.  This  condition  was  satisfied  for  the 
FLC  modulator  investigated  in  this  report. 

The  response  of  the  optically  addressed  FLC  SLM  is  discussed  in  detail  in  Section  VI. 
This  behavior  is  markedly  different  from  the  Hughes  LCLV  and  the  GEC-Marconi  SLM  discussed 
in  Sections  IV-V.  The  significant  material  difference  between  the  Hughes  LCLV  and  the  GEC- 
Marconi  SLM  with  respect  to  the  FLC  SLM  is  the  FLC  layer.  The  FLC  material  is  arranged  in  a 
surface  stabilized  geometry  (refer  to  Figure  37).  The  theory  of  operation  of  the  FLC  SLM  is 
described  below. 

In  the  early  1970s,  Meyer  predicted  and  demonstrated  that  chiral  Smectic  C  phase  of 
liquid  crystals  was  ferroelectric  [34].  This  means  that  the  material  can  exhibit  a  macroscopic 
spontaneous  polarization.  However,  bulk  Smectic  C  phase  materials  also  exhibit  a  helical  order. 
TTie  spontaneous  polarization  due  to  the  ordering  of  molecules  per  layer  yielded  a  net  polarization 
of  zero  after  transversing  through  the  helical  structure.  In  1980,  Clark  and  Lagerwall  proposed 
the  Surl'ace  Stabilized  Ferroelectric  Liquid  Crystal  (SSFLC)  cell  which  would  unwind  the  helix  and 
harness  the  macroscopic  polarization  [35].  TTiis  geometry  (shown  in  Figure  37)  consists  of  a  thin 

layer  (=  1-5  |im)  of  FLC  material  sandwiched  between  two  glass  electrodes.  The  helix  is 
spontaneously  and  permanently  unwound  due  to  surface  interactions  between  the  FLC  and  glass 
plates.  Furthermore,  the  molecules  are  constrained  to  move  about  a  tilt  cone,  shown  in  Figure  37, 

by  these  same  surface  interactions.  For  a  tilt  angle  6  the  molecules  have  two  stable  states, 

separated  by  20,  which  lie  in  a  plane  normal  to  the  layers  of  liquid  crystal.  A  surface  charge  of  2P, 
where  P  is  the  ferroelectric  polarization,  is  required  to  switch  the  molecules  firom  one  state  to  the 
other.  The  two  surface  stabilized  states  possess  equal  energy  in  the  absence  of  applied  fields. 
However,  in  the  presence  of  an  electric  field  E,  one  of  the  states  becomes  preferred  and  the 
molecules  will  "flip"  about  the  tilt  cone  to  align  the  polarization  P  in  the  direction  of  E. 

The  operation  of  surface  stabilized  FLC  SLMs  is  inherently  a  binary  process.  If  a 
voltage  sufficient  to  rotate  the  polarization  by  twice  the  tilt  angle  6  is  present,  the  FLC  SLM 
responds  in  a  manner  similar  to  that  shown  in  Figure  29  where  the  peak-to-peak  voltage  was  24  V. 
The  sigmoid  shape  of  the  curve  is  characteristic  of  a  binary  response  where  the  intermediate 
modulation  values  are  due  to  spatial  averaging  of  binary  domains.  This  sigmoidal  curve  has  also 
been  observed  by  Moddel  [36].  Some  of  Moddel's  data  is  shown  in  Figure  38  for  different 
temperature  states  and  FLC  structures.  If  the  voltage  is  other  than  that  voltage  which  is  sufficient  to 
rotate  the  polarization  of  the  tuned  cell  by  twice  the  tilt  angle,  the  device  does  not  respond  to 
changes  in  write  light  illumination.  Figure  30  depicts  several  voltages  which  were  not  sufficient  to 
rotate  the  molecules  and  thus  the  polarization  of  the  light  incident  on  the  FLC  SLM.  Peak-to-peak 
voltages  from  20  to  25  V  in  1  V  increments  were  us^.  The  response  of  all  the  field  amplitudes 
chosen,  with  the  exception  of  the  optimal  24  V  case,  was  essentially  the  same.  The  differences  in 
response  curves  may  be  attributed  to  errors  in  the  experimental  measurements.  There  is  some 
response  as  a  function  of  write  light  intensity  for  this  data.  This  response  may  be  attributed  to  an 
averaging  of  the  molecule's  rotation  near  the  center  of  the  SLM  where  the  localized  field  may  be 
strong  enough  to  rotate  a  few  of  the  molecules. 
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Fii>ure  36.  I-V  Characteristics  for  a-Si:H  Photodiodes:  &:  2  ftm  a-Si:H;  A:  4  a-Si  H 
(a)  Under  I  mWicnfi  Red-Light  Illumination,  and  (b)  in  the  Dark 

(Reference;  Personal  memo  from  Dr.  Garrett  Moddel,  University  of  Colorado-Boulder.) 
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Read-Light  Modulation  (%) 


Figure  37.  Surface  Stabilized  Ferroelectric  Liquid  Crystal  (SSFLC)  Cell  Geometry 


0  20  40  60 

Write-Light  Energy  (nJ/cm2} 


Figure  38.  SSFLC  Read  Light  Modulation  as  a  Function  of  Write  Light  Intensity 

for  Different  Temperatures 

(Reference:  Personal  memo  from  Dr.  Garrett  Moddel,  University  of  Colorado-Boulder.) 
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Vlll.  CONCLUSION 


The  preceding  sections  of  this  report  outlined  the  results  of  a  series  of  experiments 
perfonned  with  three  types  of  spatial  light  modulators:  the  Hughes  LCLV,  the  GEC-Marconi 
SUM,  and  the  optically  addressed  FLC  SLM  fabricated  by  the  University  of  Colorado-Boulder. 
Tlie  experimental  data  collected  includes  resolution,  visibility,  and  response  time  measurements  of 
each  SLM. 

ITie  response  of  the  amplitude  modulated  read  beam  as  a  function  of  write  light  intensity  was 
measured  for  varying  drive  parameters  (amplitude  and  frequency)  of  each  SLM.  The  response  of 
the  modulated  read  beam  of  the  Hughes  LCLV  was  also  measured  for  two  read  light  wavelengths 
(514.5  and  632.8  nm).  Each  modulator  was  essentially  treated  as  an  engineering  "black  box." 
The  output  of  the  "black  box"  was  measured  as  a  function  of  inputs  to  the  "black  box."  The  output 
of  the  "black  box"  was  the  amplitude  modulated  read  beam  intensity  and  the  inputs  included 
electrical  driving  signal  amplitude  and  frequency,  and  the  write  light  intensity.  An  equivalent 
circuit  model  for  each  modulator  was  developed  from  the  resultant  data  and  presented  in  Section 
Vll.  Future  research  should  include  the  use  of  circuit  analysis  software,  such  as  SPICE,  to 
determine  resistance  and  capacitance  values  for  the  models  presented  in  Section  VII  that  most 
closely  approximates  the  response  data  presented  in  Sections  IV-VI.  Further  research  of  the 
candidate  SLMs  should  also  include  a  more  thorough  analysis  of  the  SLM  response  based  on  a 
physical  model  of  the  interaction  of  photons  and  molecular  structures  of  the  devices. 

Javidi  has  proposed  the  use  of  nonlinear  transformations  and  nonlinear  techniques  in  the 
Fourier  domain  of  optical  processors  for  optical  image  processing  applications  [8-10].  These 
proposals  have  included  the  use  of  a  high  contrast  optic^ly  addressed  SLM  in  the  Fourier  plane  of 
a  Joint  Transform  Correlator  (JTC)  [9].  Computer  simulations  have  shown  that  the  nonlinear 
input-output  characteristics  of  an  optically  addressed  SLM  may  significantly  improve  the 
correlation  signal-to-noise  ratio  as  well  as  discrimination  sensitivity  in  correlation-based  optical 
pattern  recognition  architectures  [8|. 

A  JTC  has  an  input  plane,  Fourier  plane,  and  output  plane.  The  input  signal  and  the 
processing  function  or  reference  signal  are  displayed  side  by  side  at  the  input  plane.  The  joint 
power  spectrum  of  the  input  images  contains  the  pn^uct  of  the  Fourier  transforms  of  the  input  and 
reference  signals.  Therefore,  an  inverse  Fourier  transform  of  the  joint  power  spectrum  can 
generate  a  correlation  and  convolution  between  the  input  and  reference  signals.  Figure  39 
schematically  describes  the  JTC.  Computer  simulation  and  preliminary  experimental  data  have 
shown  that  the  performance  of  conventional  linear  optical  processors  can  be  improved  by  the 
application  of  a  nonlinear  transfer  function.  The  type  of  nonlinear  transformation  used  in  the 
Fourier  domain  of  these  processors  depends  on  the  type  of  operation  desired.  One  proposed 
application  is  in  a  correlator-based  pattern  recognition  system  where  the  image  to  be  detected  is 
located  in  a  scene  with  large  baseband  noise.  A  compression  type  of  nonlinear  transformation  of 
the  joint  power  spectrum  is  useful  in  obtaining  correlations  of  these  types  of  images  in  optical 
correlation  due  to  the  low  spatial  frequency  content  and  signal-like  noise  present  in  the  background 
scene.  The  compression  type  of  transformation  is  essentially  a  limiter.  The  large  values  of  the 
input  are  suppressed  while  the  low  intensity  values  of  the  input  to  the  nonlinear  transformer  are 
enhanced.  This  joint  power  spectrum  transformation  emphasizes  the  fine  details  of  the  image  that  is 
to  be  detected.  The  compression  ty^es  of  nonlinearity  have  been  shown  to  yield  narrower 
correlation  widths,  higher  peak  to  sidelobe  ratios,  and  better  discrimination  sensitivity  than 
conventional  correlators. 

Preliminary  experimental  research  with  a  Hughes  LCLV  in  the  Fourier  plane  of  a  nonlinear 
joint  Fourier  transform  correlator  has  validated  the  computer  simulation  conclusions  [11].  The 
input-output  characteristics  of  the  Hughes  LCLV  were  determined  for  different  driving 
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frequencies.  The  input-output  characteristic  curve  of  each  type  of  SLM  is  shown  to  vary  from 
device  to  device.  Therefore,  the  characteristic  curve  must  be  determined  for  the  specific  SLM  to  be 
used  in  a  nonlinear  optical  processor.  Javidi's  measurement  of  the  input-output  characteristic  curve 
of  a  Hughes  LCLV  at  the  University  of  Connecticut  is  shown  in  Figure  40.  This  particular  LCLV 
was  then  used  in  a  JTC  similar  to  the  one  shown  in  Figure  39.  The  effects  of  the  LCLV 
nonlinearity  on  the  JTC  performance  were  tested  for  three  different  nonlinear  modes  of  operation 
of  the  LCLV  corresponding  to  the  three  different  driving  frequencies.  The  average  write  light 

intensity  of  the  input  and  reference  signal  joint  piower  spectrum  was  biased  at  1200  pW/cm^.  The 
correlation  results  are  tabulated  in  Table  3.  The  correlation  peak  intensities  for  the  various  modes 
were  normalized  to  the  peak  intensity  obtained  by  operating  the  LCLV  with  a  200  Hz  bias 
frequency.  The  data  verifies  that  as  the  slope  of  the  area  of  operation  of  the  LCLV  becomes 
greater,  the  nonlinear  transformation  is  more  severe,  and  the  correlation  performance  is  thus 
improved.  The  more  .severe  the  degree  of  nonlinearity,  the  more  the  high  spatial  frequencies  are 
emphasized,  while  the  intensity  of  the  lower  spatial  frequency  information  is  suppres.sed  due  to 
SLM  saturation  effects. 


INPUT 
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FOURIER 

TRANSFORM 
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INVERSE 
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FOURIER  TRANSFORM  CORRELATION 

PLANE  LENS  PLANE 


Figure  39.  Joint  Transform  Correlation  Architecture 


Table  3.  Nonlinear  Transformation  Correlation  Results 
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Figure  40.  Input-Output  Characteristic  Curve  of  Hughes  LCLV 
From  University  of  Connecticut 


The  modulated  read  beam  response  of  the  three  types  of  SLMs  presented  elsewhere 
within  this  report  should  serve  as  a  library  of  SLM  response  for  nonlinear  optical  processing 
techniques  proposed  in  the  literature  [8-1 1  ].  Further  research  should  include  the  application  of  the 
above  modulators  to  nonlinear  optical  processing  architectures.  The  data  presented  in  this  report 
should  serve  as  a  sufficient  baseline  for  these  future  experiments.  The  effects  of  the  SLMs  on 
adequate  input  scene  representation  as  well  as  Fourier  plane  nonlinear  transformations  should  be 
experimentally  explored  for  any  optical  processor  that  is  being  considered  for  production  and 
implementation  in  a  commercial  system. 
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A/D 

a-Si:H 

BSl,  BS2,  BS3 

CCD 

Cd 

CdS 

CdTe 

C,c 

Cm 

d 

DC 

dsi 

AV,c 

D1.D2 

E 


alternating  current 
analog  to  digital 

hydrogenat^  amorphous  silicon 
beamsplitters 
charge-coupled  device 
capacitance  of  the  diode 
cadmium  sulfide 
cadmium  telluride 
capacitance  of  liquid  crystal 
capacitance  of  dielectric  minor 
thickness  of  liquid  crystal 
direct  current 

thickness  of  hydrogenated  amorphous  silicon 

change  in  voltage  across  the  liquid  crystal 

photodetectors 

electric  field 


Eq  free-space  permittivity 

Ef](;  relative  permittivity  of  ferroelectric  liquid  crystal 


ESi 

FLC 

Ge 

HeNe 

Hz 

^mm 

^nax 


1-V 

JT(^ 

K 

KHz 

X 

XI2 

X/4 

A/10 
LCXV 
Ip/mm 
LI,  L2,  L3 
LRl,  LR2 


relative  permittivity  of  amorphous  silicon 
ferroelectric  liquid  crystal 
germanium 
helium  neon 

unit  of  frequency  (Hertz) 
minimum  Ught  intensity 
maximum  light  intensity 
read  light  intensity 
write  light  intensity 
current-voltage  relationship 
joint  transform  correlator 
elastic  constant 

measure  of  frequency  (kilohertz) 
wavelength 
one-half  wavelength 
one-quarter  wavelength 

one-tenth  wavelength 

liquid  crystal  light  valve 

unit  of  resolution  (line  pairs  per  millimeter) 

lenses 

lenses  within  the  read  beam 


pm 

pW/cm^ 

MQ-cm2 


unit  of  measure  (micrcwi) 

unit  of  power  density  (microwatts  per  square  centimeter) 
sheet  resistance 


57 


LIST  OF  SYMBOLS  (cont’d) 


HW/cm^ 

mm 

msec 

MTF 

V 

r] 

nm 

NRC 
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RC 

^bd 

^flc 

Rlc 

Rs 

Rsh 

Si 

SLM 

SNR 

SSFLC 

e 

TNLC 

^relaxation 

USAF 

V 

VBS 


unit  of  power  density  (milliwatts  per  square  centimeter) 
unit  of  measure  (millimeter) 
unit  of  time  (millisecond) 
modulation  transfer  function 

visibility 

viscosity 

unit  of  measure  (nanometer) 

Newport  Research  Corporation 
ferroelectric  polarization 
Polarizers 

Pi 

peak  to  sidelobe  ratio 
resistor-capacitor 
backward  resistance  of  diode 
forward  resistance  of  diode 
resistance  of  ferroelectric  liquid  crystal 
resistance  of  liquid  crystal 
resistance  of  dielectric  mirror 
series  resistance 
shunt  resistance 
silicon 

spatial  light  modulator 
signal  to  noise  ratio 

siffface  stabilized  ferroelectric  liquid  crystal 
angle  (theta) 

twisted  nematic  liquid  crystal 

relaxation  time  of  liquid  crystal 
United  States  Air  Force 
Volt 

variable  beamsplitter 
peak-to-peak  voltage 
negative  peak  voltage 
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